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A, Technical Papers Submitted

“Water Soluble Copolymers. 47. Copolymerization of Maleic Anhydride and N-
Vinylformamide: Charge Transfer Complexation of the Monomers and Their
Reactivity Ratios,” Y. Chang and C. L. McCormick, submitted 1o Macromolecules
(March 1993).

“Water Soluble Copolymers. 48. Reactivity Ratios of N-vinylformamide with
Acrylamide, Sodium Acrylate, and n-Butyl Acrylate,” submitted to Macromolecules
(April 1993).

“Water Soluble Copolymers. 49. Effect of the Distribution of the Hydrophobic
Cationic Monomer DAMAB on Solution Behavior of Associating Acrylamide
Copolymers,” Y. Chang and C. L. McCormick, submitted to Macromolecules (March
1993).

"Water Soluble Copolymers LI: Copolymer Compositions v High-Molecular Weight
Functional Acrylamido Water-Soluble Polymers Using Direct Polarization Magic-
Angle Spinning >C NMR," J. Kent Newman and C. L. McCormick, submitted to
Polymer (May 1993).

"Water Soluble Copolymers. 52: %*Ma NMR Studies of Hydrophobically-Modified
Polyacids: Copolymers of 2-(1-Napthylacetamido)-ethylacrylamide with Acrylic acid
and Methacrylic acid,” J. Kent Newman and C. L. McCormick, submitted to
Macromolecules (May 1993).

"Water Soluble Copolymers LIII: 2*Na NMR Studies of Ion-Binding to Anionic
Polyelectrolytes: Poly(sodium 2-acrylamido-2-mehtylpropanesulfonate), Poly(sodium
3-acrylamido-3-methylbutanocate), Poly(sodium acrylate) and Poly(sodium
galacturonate),” J. Kent Newman and C. L. McCormick, submitted to Macromolecules
(May 1993).

B. Technical Papers Published

“Water-Soluble Copolymers: 26. Fluorescence Probe Studies of Hydrophobically-
Modified Maleic Acid-Ethyl Vinyl Ether Copolymers,” C. L. McCormick, C. E. Hoyle
and M. D. Clark, Polymer, 33(2), 243-247 (1992).

“Water-Soluble Copolymers. 39. Synthesis and Solution Properties of Associative
Acrylamido Copolymers with Pyrenesulfonamide Fluorescence Labels,” C. L.
McCormick and S. A. Ezzell, Macromolecules, 25(7), 1881-1886 {1992).




“Water Soluble Copolymers: 44. Ampholytic Terpolymers of Acrylamide with Sodium
2-Acrylamido-2-Methylpropanesulfonate and 2-Acrylamido-2-Methylpropanetrimethyl-
ammonium Chloride,” C. L. McCormick and L. C. Salazar, Polymer, 33(20), 4384-4387
{1992).

“Water Soluble Copolymers 46. Hydrophilic Sulfobetaine Copolymers of Acrylamide
and 3-(2-Acrylamido-2-Methylpropanedimethylammodio)-1-Propanesulfonate,” C. L.
McCormick and L. C. Salazar, Polymer, 33(21), 4617-4624 (1992).

“Water Soluble Copolymers. XLII. Cationic Polyelectrolytes of Acrylamide and 2-
Acrylamido-2-Methylpropanetrimethylammonium Chloride,” C. L. McCoimick and L.
C. Salazar, J. Poly. Sci.: Part A—Poly. Chem., 31, 1099-1104 (1993).

“Water Soluble Copolymers 45. Ampholytic Terpolymers of Acrylamide with Sodium
3-Acrylamido-3-Methylbutanoate and 2-acrylamido-2-Methylpropane-
trimethylammonium Chloride,” C. L. McCormick and L. C. Salazar, to be published
in J. Appi. Poly. Sci. (July 1993).

“Analysis of Hydrophobically Modified Copolymers Utilizing Spectroscopic Probes and
Labels,” to be published in Soluble Polymer Complexes, C. L. McCormick, K. D.
Branham, R. Varadaraj, and J. Bock; Springer Verlag: 1993.

E. Preprints

“3Na NMR Studies of Ion Binding to Anionic Polyelectrolytes,” J. K. Newman and
C. L. McCormick, Polymer Preprints, 33(2), 361 (1992).

“Synthesis and Solution Characterization of Cationic, Hydrophobically-Modified
Acrylamide Copolymers,” Y. Chang and C. L. McCormick, Polymer Preprints, 33(2),
202 (1992),

“Water Soluble Polyampholytes for the Study of Drag Reduction,” P. S. Mumick, P.
M. Welch and C. L. McCormick, Polymer Preprints, 33(2), 337 (1992).
1. Presentations

“23Na NMR Studies of Ion Binding to Anionic Polyelectrolytes,” J. K. Newman and
C. L. McCormick, 204th National ACS Meeting, Washington, DC, August 1992.

“Synthesis and Solution Characterization of Cationic, Hydrophobically-Modified
Acrylamide Copolymers,” Y. Chang and C. L. McCormick, 204th National ACS
Meeting, Washington, DC, August 1992.




“Water Soluble Polyampholytes for the Study of Drag Reduction,” P. S. Mumick, P.
M. Welzh and C. L. McCormick, 204th National ACS Meeting, Washington, DC,
August 1992.

“Drag Reduction in Marine Propulsion: Impact of Start-Up Funds on Advanced
Technologies,” C. L. McCormick, Mississippi-Alabama Sea Grant Consortium Program
Review, Biloxi, MS, September 15-17, 1992,

“Synthesis and Design of Denovo Hydrophobically Associating Polypeptides,” M.
Logan, G. Cannon, S. Heinhorst, and C. McCormick, National ACS Meeting, Denver,
CO, March 1993.

“Derivatization of Chitin and Cellulose Utilizing LiCI/N,N-Dimethylacetamide Solvent
System,” S. L. Williamson and C. L. McCormick, National ACS Meeting, Denver, CO,
March 1993.

“Controlled Activity Polymers: Synthesis, Characterization and Reactivity Ratios of
B-Naphthyl Acrylate, 5-Acrylamido(-Naphthyl)Valerate, and 6-Acrylamido(p-
Naphthyl) Caproate Copolymers,” C. Boudreaux, D. Sellers and C. L. McCormick,
National ACS Meecting, Denver, CO, March 1993.

“Effect of Surfactants on the Solution Properties of Hydrophobically Modified,
Cationic Polyacrylamides,” Y. Chang and C. L. McCormick, National ACS Meeting,
Denver, CO, March 1993.

“Rheological and Photophysical Investigation of Domain-Forming Hydrophobic
Polyelectrolytes Based on Sodium 11-Acrylamidoundecanoate,” M. C. Kramer, C. G.
Farmer-Welch and C. L. McCormick, National ACS Meeting, Denver, CO, March
1993.

“23Na NMR Studies of Ion-Binding to Anionic Palyelectrolytes: Sodium 2-Acrylamido-
2-Methylpropanesulfonate (NaAMPS) and Sodium 3-Acrylamido-3-Methylbutaneoic
Acid (NaAMB),” J. Kahalley, J. K. Newman and C. L. McCormick, National ACS
Meeting, Denver, CO, March 1993.

“Synthesis and Solution Behavior of Polyelectrolyte/Polyampholyte Terpolymers
Based on 3-(2-Acrylamido-2 methylpropanedimethylammonio)-1-propanesulfonate,
Acrylic Acid, and Acrylamide,” E. E. L. Kathmann, D. L. Davis and C. L. McCormick,
National ACS Meeting, Denver, CO, March 1993.




“Synthesis and Aqueous Solution Properties of Responsive Polyelectrolytes and
Polyampholytes,” C. L. McCormick, M. C. Kramer, Y. Chang, K. D. Branham, and E.
L. Kathmann, National ACS Meeting, Denver, CO, March 1993.

“Tailored Copolymer Structures: Effects on Drag Reduction in Aqueous Media,” C.
L. McCormick and P. S. Mumick, National ACS Meeting, Denver, CO, March 1993.

“A New Generation of Electrolyte and pH Responsive Water-Soluble Polymers for
Mobility Control,” C. L. McCormick, K. D. Branham, D. L. Davis, and J. C.
Middleton, National ACS Meeting, Petroleum Chemistry Division, Denver, CO, March
1993.

“Hydrophobically-Modified Polyelectrolytes: Rheological Properties in Aqueous
Solution,” E. Kathmann, Y. Chang, and C. L. McCormick, National ACS Meeting,
Polyelectrolytes Symposium, Denver, CO, March 1993.

“Synthesis and Solution Characterization of Cationic, Hydrophobically Modified
Acrylamide Copolymers,” Y. Chang and C. L. McCormick, ANTEC, New Orleans, LA,
May 1993.

"Investigation of Domain-Forming Hydrophobic Polyelectrolytes Via Rheological nad
Photophyscial Studies,” M.C. Kramer, C. L. McCormick, 5th Annual Graudate
Polymer Conference Georgia Tech., Univ. April 1993.

"Structure/Property Relationships in Associative Polyelectrolytes: Effects of Synthetic
Parameters on Polymer Microstructure and Solution Properties,” K.D. Branham, G.
L. Shafer, D. L. Davis, and C. L. McCormick, 5th Annual Graudate Polymer
Conference Georgia Tech., Univ. April 1993.




K. Graduate Students

Dr. J. Kent Newman - will graduate August 1993
joined Geotechnical Division/U.S. Army Corp of Engineers

Dr. Pavneet Mumick - graduated May 1993
joined Kimberly-Clark

James P. Dickerson - graduate August 1993
joined Eastman Chemical
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L. Other Funding
“DOE/EPSCoR Traineeship,” DOE/EPSCoR, $15,625/year (1992-1994)

"Responsive Copolymers for Enhanced Oil Recovery,” Department of Energy, $273,400
(1552).

Unilever Research Fellowship, $15,000 (1993).
Exxon Chemical Company, $10,000 (1993).

Gillette Research Institute, $15,000 (1993).




PART II

Charles L. McCormick
Roger D. Hester
The University of Southern Mississippi
(601} 266-4872

Scientific Officers: Dr. JoAnn Milliken
Dr. Kenneth Wynne

Project Description/Significant Results for 6/1/92-5/31/93

Responsive synthetic copolymers have been tailored with specific
microstructural features in order to elucidate drag reduction behavior in aqueous
media. Our studies have clearly shown the role of the polymer in ordering of solvent
in the vicinity of the macromolecular coil. Specific "runs” of hydrophobic units spaced
by hydrophilic units are necessary for macrophase organization in aqueous media.
We have prepared pH- and salt-responsive drag reducing systems based on
zwitterionic and ionic polymer structures which have the best drag reducing
properties reported to date. The copolymers of acrylamide with 3-(2-acrylamido-2-
methylpropanedimethylammonio)-1-propane sulfonate (AMPDAPS) showed the
highest drag reduction efficiency as measured by a rotating disk apparatus. The
polymer can be prepared by inverse emulsion or microemulsion techniques for rapid
dispersion. The automated display system constructed in our laboratory indicates
that polymer solutions of this copolymer system reach maximum drag reduction in
an extremely short time frame.

A kinetic model has been proposed by our group that explains the major
features of the drag reduction phenomenon. The model considers the collision of fluid
disturbances in turbulent flow with the polymer coils in sclution based on volume
fraction of the latter. Experimental measurements of drag reduction efficiency can
be related to molecular parameters of our extensively characterized polymers. The
model gives explanations for inconsistencies that arise in drag reduction
measurement using different flow geometries and is consistent with previously
obtained data and empirically derived relationships. The model shows that
increasing the molecular weight (or degree of polymerization) increases the polymer
hydrodynamic coil size which increases the chance of collision between a polymer coil
and a turbulent flow region. Increasing molecular weight and controlled alteration
of macromolecular structure also increases the effectiveness of a collision to reduce
turbulence which may be related to the extensional viscosity of the polymer solution.

s




Major Success of Work to Date

» discovery of salt-water effective drag reducing polymers

¢ new polymerization/dispersion technology

» rapid response DR fluid with low volume/low weight

¢ rapid measurement apparatus for small quantities of matenal

Important Consequences are Development of

* an empirical relationship relating DR efficiency to polymer structure--
including salt water systems where most polymers are inefficient

« a kinetic model consistent with theoretical model and experimental
measurements

* techniques which should allow accurate prediction of behavior in flat
plate and tube geometries based on rotating disk data.

The Important Breakthroughs in This Research Should be Followed
by Continued R&D on

+ rapid delivery emulsions
* measurement techniques/automation
* the role of the new DR systems in signature alteration

Project Goals for the last quarter of the contract June 1 - August 31, 1993

During the last three months of the project, the final technical publications will
be written from the recently completed laboratory measurements.

Needs

The fundamental concepts developed in uhis projert could have a dramatic
impact on the technology of drag reduction. We continue to seek those program
coordinators within DOD who could help in implementation of dual use technologies
arising from our substantial research efforts.
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Water-soluble copolymers: 26.
Fluorescence probe studies of

hydrophobically modified maleic acid-ethyl
vinyl ether copolymers :

C. L. McCormick*, C. E. Hoyle and M. D. Clark

Department of Polymer Science, The University of Southern Mississippt, Hattiesburg, MS
39406-0076, UUSA

(Received 13 August 1990, accepted 19 Dctober 1990)

Pyrene fluorescence spectra and lifetimes have been employed to study the pH-induced conformational
transitions of maleic acid-ethyl vinyl ether copolymers that have been hydrophabically modified with
varying amounts of 4-butylaniline (4-BA ). Results indicate that thase copolymers contatning up 1o 50 mol®e
4-BA (relative 10 the 1otal number of maleic acid groups) undergo a transition from a highly collapsed
“hypercoil* conformation st low degrees of ionization (x) 10 an open, hydrated conformation at high .
In contrast, a copolymer containing 70 mol% 4-BA moieties forms compact, hydrophobic microdomains
over the entire range of x. Fluorescence quenching of the pyrene probe by Tt” and nitromethane indicates
that the accessibility of these microdomains is related 1o z and/or the degree of hydrophobe incorporaton
Diffusion coeflicients und ceffective coil duameters of these polymers as determined vin dynami heht scatieriny
measurements indicate an increasing degree of imtramolecular assocition with increasing hydrophobe
content at high 2. while fluorescence measurements indicate no such Interactions 1L i suggested that,
though the pyrene probe may associate with the hvdrophobic regions of these polvimers. it not adequaiels
‘protected” from the bulk agueous solution for fluorescence enhancement 1o ocgur.

{Keywords: copolymers; fluorescence spectroscopy ; conformation; maleic acid; ethyl vinyl ether : hydrophobic modification )

INTRODUCTION

In recent years. cors:derable interest in microdomain-
forming poly.'ectrolytes or “poivsoaps’ has arisen.
Owing 1 the presence of such microdomains, these
polymers are capable of sclubilizing large, water-
insoluble hydrocarbons in much the same way as
surfactant micelles. One class of polysoaps consists of
alternating maleic anhydride/alkyl vinyl ether co-
polymers. Strauss and others demonstrated that for alkyl
groups of length n (where 3 < n < 10}, at low degree of
ionization «, the observed fluorescence intensity of a
dansyl label is large, indicating that the iabel molecules
are surrounded by non-polar alkyl groups'=5. As # is
Increased, the fluorescence intensity drops sharply,
indicating a transition from a collapsed ‘micelle-like’
conformation to an expanded coil in which the probe is
surrounded by a polar aqueous environment. Further-
more. as alkyl group size increases. the relative
hydrophobicity within the coil at low a is increased as
15 the degree 1o which the polyacid must be ionized in
order to destabilize the compact conformation®~?.

We have conducted a photophysical study of the effects
of the relative hydrophobicity of a polysoap on the
stabilization of the collapsed polymer coil at high 2. The
Polysoaps were 4-butylzniline-modified copolymers of
Maleic acid -cthy] vinvl ether IMA - EVE), with aqueous
solution behaviour typical of a polyclectrolyte . In this

To whom carrespandence shauld he addressed
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paper, we report preliminary results on the utiliy and
apporent fimitations of pyrene as a fluorescence probe
to study changes 1n the conformanon of the polysoup
with increasing o

EXPERIMENTAL
Synthesis

The preparation of a series of hvdrophobically
modified MA-EVE ccpolymers was carried out in a
three-step process. First, an alternating parent polymer
of maleic anhydride and ethyl vinyl ether was synthesized.
Next, the parent polymer was denvatized to varving
degrees with a ‘ong-chain, primary amine. Finally, these
derivatized copolymers were hydrolvsed to form the
corresponding water-soluble polvmers.

Maleic anliydride-co-ethyvl vonvl cther (MA--EVE)
Maleic anhydnde (12.26 g, 0.125 mol}, ethyl vinyl ether
{18.02¢g, 0250 mol} and 2,2-azobisisobutyronttrile
(0.022 . 1.25 x 107 mol} were dissolved 1 250 mi of
benzene and depassed with N, bubbling for 30 min The
solution was then hecated to 65°C. After approximateiv
30 min. the polyvir or had hegun to precipitate. After 16 h,
both the precipituted polvmer and the benzene solution
were poured into 1 litre of ethyvl ether 1o vield a whiie,
powdery precipitate. The precipitate was redissolved into
100 ml acetone. reprecipitated into 730 mi cthyl ether,
and dried nnder vicuum at SO Covield 1935 (91 0%y,
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Methyl esterification of MA-EVE. Esterification of
the copolymer for molecular-weight studies was carried
out as follows. The copolymer was slurried in ~ 50 ml
of methanol. Upon complete dissolution of the
copolymer, 0.02 vol% of concentrated H,50, was added
and the mixture heated to 50°C for 8 h. The esterified
polymer was purified by repeated precipitation from
benzene into ether, and finally dried under vacuum at
A°C.

Modification of MA-EVE with 4-butylanifine. Maleic
anhydride-co-ethy] vinyl ether (3.5 g, 2.06 x 107 mol of
anhydride units) was dissolved in 100 ml of cthyl acetate.
The solution was cooled to 0°C with an ice bath and
degassed with N, for 20 min. An appropriate amount of
freshly distilled 4-butylaniline {(4-BA) was dissolved in
50 ml of ethyl acetate and placed in an addition funnel.
With continued N, bubbling, the aniline solution was
added dropwise to the polymer solution, keeping the
temperature below 5°C. The nitrogen purge was
removed, and the sofution was heated to 65°C for 10 h,
at which time the polymer was precipitated into 600 mi
of ethyl ether. The white, powdery precipitate was
dissolved in 75 mi of acetone, reprecipitated into 600 mi
of ethyl ether, and dried under vacuum at room
temperature.

Hydrolvsis of hyvdraphobically  modified MA-EVLE.
The modified MA-EVE copolymers (2.0 g} were slurried
in 50 mi of 1.0 N aqueous KOH. This mixture was stirred
al room temperature unt.. complete dissolution of the
polymers occurred. The polymers were precipitated into
700 mi of methanol and immediately redissolved in water.
The solutions were dialysed against deionized watcr
(Spectra/Por 4 membranes, MW cut-off 12000-14000)
and freeze-dried. The degrec of 4-butvianiline incorpor-
ation in each of the copolymers was determined
via u.v. absorption methods using the extinctien
coefficient determined for a model compound in water
(= 11800 M 'cm™! at 250 nm). The resulting com-
positions are summarnized in Tahle |

Characterization

From the molecular-weight estimate of the parent
polymer and a calculated average molecular weight per
repeal unit (u.v. compositional studies), molccular
weights of cach polymer were calculated such that the
concentration of each modified copolymer in solution
could be maintained at approximately 6.3 x 10™  mol 17*.

Molecular-weight determination of esterified polymer.
A qualitative molecular-weight estimate of 3.17 x 10°

Table | Composition of 4-BA copolymers

Polvmer S HAY fmol%)
4-BA-10 g2
4-B2-25 AR
4-BA-50 169

4-BA.70 kN

A determined v u v ahsarpiion

(approx. DP = 1450) was made fronn el permication
chromatography (g.p.c ) measurements on a Watery
system employing a bank of 100, 500, 10* and 10% A
u-Styragel columns and a differential refractometer.
Monodisperse  poly(methyl methacryfate) standards
{Scientific Polymer Products) were used to establish the
calibration curve,

Fluorescence emission studies of pyrese profe Solutions,
of madified MA~EVE copolymers were “doped’ with
pyrene by adding microbitre quantities of & concentrated
pyrene/methanol solution to the polymer solution
Typically, 1 pl of a 107% M pyrence solution was added
to 10ml of polymer solution to give a final pyrene
concentration of 10°% M. Samples were degassed by
bubbling with helium.

Pyrene steady-state emission spectra were recorded
with 2 SPEX Fluorolog-2 fluorescence spectremeter. The
spectra were corrected for the wavelength dependence of
the detector response using an internal correction
function provided by the manufacturer. All samples were
excited at 324 nm, and the intensities of the first and third
vibronic bands were measured at approximately 372 and
352 nm, respectively.

Fluorescence decay curves were mcasured with a
Photochemical Research Associates single-photon count-
ing instrument using an Ny-filled S10-B flushlamp. An
IBM-PC was employed 2long with PRA software 1o it
the decav profifes using the non-hnear aterative
deconvolution techmque. In those cases where non-
exponential decavs were observed. only the long-hved
portion of the decay curves was fitted.

Dynamic light scattering.  Photon correlation spec-
troscopy studies were conducted using a Brookhaven
mode! BI-DS with a Spectra-Physics 127 laser operating
at 653.6 om. The sample chamber was in a thermostated
index-matching bath (tolucne y and a Brookhaven model
B1-2030AT autocorrelator and assoctated soltware were
used to process signals. All data presented are for a 90°
scattening angle at 25°C.

Much carc was taken during sample preparation in
order to remove all traces of dust. Deionized., filtered
water was used for initia} sample preparation. Solutions
were then filtered in line for several hours using Gelman
Acrodisc filters {045, 12, or 30M porc stzel
Contaminated samples were casilv identified by their
crratic non-reproducible seattering signals.

RESULTS AND DISCUSSION

The *parent’ polymer of maleic anhydrnide-co-cthyt vinyl
ether (IMA-EVE) was prepared by frec-radical polymer-
ization in benzenc (M_ = 317000, DP = 1450). Fach of
the hvdrophohically maodificd polyimers was prepared by
reaction of the parent copolvmer with an appropnat
amount of 4-BA and subsequent hydrolvas an dilute
aqucous . KOH. Un compositonal andlysis was
emploved to determine the mole percentage of malek
anhvdnde umts that had been denvanyed ¢ p 4-BA-S
denotes a copelvmer m which one-hall of the total
available maleie anhvdnde units were derivatized with
4-BA The gencral structure of 4-BA-maodihed MA VI

T TR




‘ copolymers is shown below:

The low water-solubility and long lifetime (200 ns in
water and 400 ns in organic solvents) of pyrene make it
an excellent probe of micelles or microdomain-forming
polymers!®. The fluorescence spectrum and lifetime of
the pyrene molecule yield information about the polarity
of the local environment (micropolarity) and the change
in polarity when the medium is modified. The ratio of
the third and first vibronic peaks of the steady-state
emission spectrum of pyrene (/5/1, ) and the fluorescence
lifetime serve as a sensitive indicator of the polarity of
the microenvironment. Higher values of I;//, indicate a
more hydrophobic environment.

Effects of pH

Figure ] depicts the dependence of I,//, on pH in
aqueous solutions of the hydrophobically modified
4-BA -maleic acid-ethyl vinyl ether copolymers. For
copolymers containing 10— 30 mol% 4-BA, changes in
1,/1, are qualitatively similar to those observed for
poly(methacrylic acid) (PMA)''~'3 and maleic acid-
alkyl vinyl ether copolymers where the alkyl group size
is less than 10 carbons!—3. This implies the presence of
a conformational transition from a cnllapsed hydro-
phobic coil to one that is highly expanded and hydrated
with increasing pH. Also, as the degree of incorporation
of the hydrophobic group in the copolymers is
increased, the degree to which the polymer must be
ionized in order to induce this transition also increases.
These results are also similar to those previously reported
for maleic acid-alkyl vinyl ether copolymers in which
the relative hydrophobicity of the polymer coil is varied
by the length of the hydrophabic alkyl chain rather than
by the degree of hydrophobe incorporation®. Further-
more, it is worth noting that for 4-BA-50, I,/I,
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Figure 2 Effect of pH on the fluoresence lifcuime ¢ {or pyrenc probe
solubilized in 4-BA copolymers

at high pH is significantly larger than in pure water
but is still low enough to ndicate a strong hydrophilic
cnvironment. This behaviour suggests that, though the
coil is highly expanded and hydrated, the pyrene probe
continues to interact with the hydrophobic butyl-phenyi
side groups rather than remaining in the bulk aqueous
phase. This point will be addressed further in the
discussion of the fluorescence quenching data

In 4-BA-0, a low 1/, (about 0.56) reficcts an
essentially aqucous environment and is invariant with
changes in pH. This behaviour suggests a relatively
expanded conformation for the polvmer over the entire
pH range. In contrast. a high (~0.93) and relatively
pH-insensitive I,/I, of pyrene in solutions of 4-BA-70
reflects the presence of microdomains cven at high
degrees of 1onization of the polymer. These data indicate
stabilization of the coliapsed polymer coil via hydro-
phobic interactions between 4-BA moieties and are once
again similar to those observed in analogous systems.

The effects of pH on the pyrene fluorescence lifetime
7 are depicted in Figure 2. At this time, it should be
pointed out that only the fluorescence decay curves of
pyrene in those solutions whose I,/1, indicate a totally
aqueous environment could be satisfactorily fitted to a
single exponential. Numerous efforts to fit the remaining
decay curves to a sum of exponentials (either two or
three) proved to be unsuccessful. Thus, values of t were
estimated by fitting the long-lived portion of these decay
curves to a single exponential. In the interest of
consistency, the same number of data channels were fitied
for cach decav. Nonetheless, for cach of the 4-BA
copolymers, 1 changes with pH in very much the same
way as does [,/f,. thus confirming the role of
hydrophobic interactions in forming and maintaining the
collapsed hypercoil structures of these polymers.

The non-exponential character of the pyrene fluorescence
decay in non-aqueous environments couid possibly be
affected by the formation of a non-emissive excipiex
between pyreac and the acetaniiino group of the 4-BA
copolymers and/or a distribution of hydrophobic host
sites for the pyrene probe. Using model compounds.
an incflicient (A, = 2 x 10°M™ ' 577), but nonethcloss
significant, quenching of pyrene fluorescence in methanol
by a smali-molecule acetanitide model compound occurs
no emissive complex is formed. A slight deviation from
exponential decay 1s observed for pyrene in the presence
of the model compound. suggesting that a4 non-
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Figure 3 Effect of pH on the effective d'ameter of the polymer coil
d g for 4-BA copolymers

fluorescing reversible complex could be present. How-
ever, since the deviation from non-linearity is minimal,
complex formation, if occurring. could be only a minor
contributing factor in the non-exponential decays
observed for pyrenc in solutions of the 4-BA copolymers.
Perhaps more applicabic to the present case s the fact
that the rate of emission decay of the pyrene probe
becomes multiexponential when the probe molecules are
partitioned between/among different environments'*. 1f
a conlinuous distribution of microenvironments cxists
within the polymer coil. the fluorescence lifetimes of the
probes associated with these different environments
should be described by a function that comprises the sum
of several exponential decay functions. Therefore, it is
suggested that the hydrophobic characters of the discrete
heterogeneous microenvironments associated with the
4-BA copolymers are non-uniform throughout the
solution and that the Ruorescence lifetimes ( Figure 2} as
measured describe the most hydrophobic regions of the
polymer coil.

The eflects of pH on the effective diameter of the
polymer molecules 4. as measured by quasiclastic light
scattering are shown in Figure 3. Assuming minimal
degradation of the copolymers on hydrolysis, the degree
of polymerization of each of the copolymers is the same
(DP = 1450). Therefore, any variations of d, , that occur
within the copolymer series may safely be considered to
be due to hydrophobic interactions between 4-BA groups
rather than due to differences in molecular weight. As
might be expected, as the degree of hydrophobic
substitution increases, the degree to which the polymer
coil expands on increasing pH 1s dramatically decreased.
Furthermore, a decrease in d, with increasing 4-BA
substitution at each value of pH indicates that these
associations arc largely intramolecular in nature,
Apparently, a minimum value of d,, is reached at high
hydrophobe content {> 50 mol%}. indicating that the
polymer has assumed the smallest coil dimensions
possible  without macroscopically  phase-separating.
These datz are again indicative that stabilization of the
collapsed coi} at high degrees of 1onization occurs via
hydrophobic aggrepation along the polymer chain.

An interesting phenomenon is observed on cotparison
of the effective diameters of the copolymers containing
0. 10 and 25 mol% 4-BA groups with the fluorescence
data. “hoth steady-state and transient, at pH 9.

EEm S

Fluorescence measurements for cach of the hree
copolymers indicate that the pyrene probe 1 exposed 16
an aqueous eavironment, 1.¢. there are no hydrophob
aggregates in the solution. However, significant decreases
ind., as the mole percentage of 4-BA s increased indicate
that intramolecular hydrophobic interactions are indeed
present in the system. We have obtained similar resalty
in numerous efforts 1o emplov fluorescence probe
technigues to study 2 number of other water-soluble
polymer svstems in our laboratories. Though solution
methods such as viscometry and heht scaltering indicate
that hydrophobic interactions are indeed a fuctor in
observed polymer solution properties’® ', such inter-
actions are not always reflected by pyrene probe
photophysics. Polymer solution charactensucs may be
influenced considerably by the presence of hydrophobic
interactions within the solution; however. these inter-
actions or associations may not be in the form of
aggregates of sufficient size or propensity to ‘protect’ a
probe molecule from the bulk aqueous solution. This
also suggests that, though the pyrene probe s g very
effective tool in the study of hydrophobic interactions in
water-soluble polymer systems, caution must be exercised
in interpreting the absence of fluorescence enhancement
of a probe molecule as a complete absence of hydrophobic
associations.

Fluorescence quenching

The bimoleculir quenching rate constants. Ao for
quenching of pyrenc steady-state fluorescence intensity
i water and the various copolymer systems are presented
in Table 2. The values of h, obtained from hincur
Stern-Volmer intensity quenching with the neutral
quencher nitromethane in the 4-BA copolvmer solutions
are lower than those obscrved in water. suggesting that,
even in the case of 4-BA-0. penciration of the quencher
molecule is inhibited bv the main chain of the host
polymer. At low pH. this restrictive cffect s particularly
sensitive to the degree of mcerporation of hydrophobe
in the copolymer: increased hvdrophobe content leads
to a2 morc highly collapsed coil. which i turn slows
diffusion of the quencher to the probe and lowers & . As
with 14/], and t, the quenching rate constants at high
pH for 4-BA-0, 4-BA-10 and 4-BA-25 are similer, again
suggesting the absence of hydrophobic nteractions

capable of scquestering a pyrene probe from the aqueous
environment.

Table 2 Fluorescence quenching rate consrants® for puene in aqueous
solutions of 4-BA copolvmers

Quencher Polvmcr pH & G pliso
CH,NO, Water 85 - 100 §4 x 10°
4-BA-O CNESRIL 62 % 10°
4. BA-ID Sy 1T MR
4-BA-ZS LI B T 7w
4-BA-50 P9 . ot vy e 307
4-BA-70 [ BT nceritrhie
TING, Witer nos o SRV {1
A-BAG T b TN WY
4.BA 0 B I TR 17
J.BA% [N IR TA A
4-BA-30 IRoa b 11 s 107
1-BA-TO 140 i maotubic
“Changes i Bavrescenee Bicaa s meenred o T




The electrostatic binding of the cationic quencher 117
"o the negatively charged 4-BA copolymers results in
relatively higher quenching cfficiencies, perhaps due to
static quenching, than those observed for the non-
interactive quencher nitromethane. This phenomenon is
particularly prominent for the 4-BA-70 copolymer.
Similar decreases in k., but less substantial than those
observed for quenching with nitromethane, with
increasing hydrophobe content also suggest that the
degree 1o which the polymer cotl collupses at a given pH
is related to its degree of hydrophobicity. An interesting
feature of the TI* quenching experiments at high pH
involves the three copolymers for which pyrene shows
no appreciable hydrophobic aggregation, 4-BA-0,
4-BA-10 and 4-BA-25. As with nitromethane, the &,
values for each of the three copolymers arc approximately
equivalent, indicating an open, hydrated structure.
However, unlike nitromethane, the & values for TI*
quenching are higher (slightly) than in water. Since it is
well known that cationic quenchers interact strongly with
anionic polymers such as the 4-BA series, these data
suggest that the pyrene probes may also be associated
with the more hydrophobic regions of these three
copolymers, regions which, as previously mentioned,
apparently do not form micelle-like domains capable of
protecting the pytene molecule from the aqucous phase.

CONCLUSIONS

Photophysical studies of the pvrene probe molecule
solubilized by the 4-BA copolymers indicate that these
polymers are capable of forming hvdrophobic micro-
domains in agueous solution. The stability and relative
hydrophobicity of these domains arce related 10 both the
degree of ionization and the cxtent of hydrophobic
modification of the polymer. Direct comparison of
photophysical characteristics of the pyrene probe
{steady-state and transient) with effective molecular size
of the copolymers as determined by dynamic light
scattering as a function of pH suggests that hydrophobic
interactions that may alter the solution characteristics of
4 polymer rather dramatically may not significantly
¢enhance the photoproperties of a probe molecule.

Fluorescence quenching measurements indicate thatom
the absence of microdomains (high x, low hydrophobe
content}, the pyrene probe nonetheless associates with
the hydrophobic segments of the expanded polymer coil.
It is suggested that, while these segments are capable of
hydrophobic interactions with each other as well as with
the pyrenc probe, they do not form discrete micro-
domains that are capable of “protecting” the probe
molecule from the bulk agueous phuse
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ABSTRACT: Pyrenesulfonamide-labeled model associative polymers have been prepared via copolymer-
ization of acrylamide with 0.5 mol % N-[(1-pyrenylsulfonanido)ethyllacrylamide. Synthesis of this monomer
and details of copolymerization with acrylamide via surfactant and solution copolymerization techniques are
described. The microheterogeneous surfactant technique yields a copolymer which exhibits intermolecular
asgociative behavior in aqueous media as demonstrated by rheological and steady-state fluorescence studies.
Conversely, classical light scattering studies indicate the compact nature of the copolymer prepared by the
homogeneous solution technique. Intramolecular hydrophobic associations, indicated by a low second virial
coefficient and a small hydrodynamic volume, dominate rheological behavior,

Introduction

Microheterogeneous phase separation in hydrophobi-
cally-modified water-soluble copolymers can be achieved
by appropriate structural tailoring, yielding systems with
unique rheological characteristics. Amongsuch materials
are rheology modifiers known as “associative thickeners”
which demonstrate significant increases in viscosity above
the critical overlap concentration, C*.! For example, the
copolymer of acrylamide containing 0.75 mol % n-decy-
lacrylamide prepared under suitable conditions? exhibits
a 16-fold increase in apparent viscosity (Figure 1) as the
copolymer concentration increases from 0.05 t0 0.20 g/dL.
Homopolyacrylamide, by comparison, prepared under the
same reaction conditions shows only a gradual increase in
viscosity with concentration.

Although associative thickeners based on hydrophobic
modification of a number of polymer types including poly-
acrylamides, cellulosics, polyethers, etc., have been re-
ported, the mechanizsms responsible for their rheological
behavior have yet to be fully elucidated. The low
concentration of “hydrophobes” and the nature of the
interactions preclude study by traditional spectroscopic
techniques such a8 IR or NMR due to insufficient
resolution. Photophysical techniques with appropriately
Iabeled copolymers, however, have been used by our group
and others¥4 to study such systems.

Inthis paper we report synthesis and solution properties

‘of copolymers of acrylamide with N-{(1-pyrenylsulfona-
mido)ethyl]acrylamide. The pyrenesulfonamide comono-
mer serves in two capacities in this study; it provides a
fluarescence label for photophysical measurements, and
it serves as the hydrophohic monomer. Under selected
reaction conditions discussed herein associative properties
are observed. The subsequent paper in this series details
photophysical eviden~e for the associations.

Experimental Section

Materials. Acrylamide (AM) was recrystallized from acetone
three times snd vacuum-dried at room temperature prior to use.
Pyrene was purified by flash chromatography® (silica gel packing;
CH,Cl, eluent), N,N-Dimethylformamide (DMF) was allowed
tostand overnight over 4-A molecular sieves and was then distilled
at reduced pressure. H,0 was deionized and had a conductance

! Present address: 3M Science Research Laboratory, St. Paul,
MN 851441000
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Figure L. [lustration of associative behavior of polyacrylamide
modified with 0.75 mol % n-decylacrylamide via surfactant po-
Iymerization.

of less than 1 X 107 mho/cm. Otber starting materials were
purchased commerically and used as received. Solvents were
reagent-grade, unless otherwise noted.

Monomer and Model Compound Synthesis. N-[(1-Pyre-
nylsulfonamido)ethyllacrylamide () and Its Precursors
{Schemes I and II). Sodium 1-Pyrenesulfonate (7). A
literature method® was modified for the preparation of sodium
1-pyrenesulfonste. Pyrene (6; 47.60 g, 0.235 mol) was dissolved
in 300 mL of CH,Cl;. Chlorosulfonic acid (16 ml,, 0.24 mol)
dissolved 1n 50 mL of CH;C); was added dropwise to the pyrene
solution with brisk stirring, at 0 °C, under & steady nitrogen
stream. The reaction progress was followed by TLC (CH,OH
eluent); 1-pyrenesulfonic acid appears at B, = 0 while pyrene has
a higher R, value. The resulting dark-green solution was poured
(with extreme caution) into 500 cm?® of ice and stirred, allowing
the CH,Cl; to evaporate over a 2-day period. This solution was
filtered twice through Celite to remove particulates; each time
the Celite pads were washed with ! X 150 mL of HyO. NeOH (10.0
g, 0.25 mol) was added as an aqueous soiution. Aqueous NaCl
(500 cm®) was also added. The yellow sodium salt 7 was
precipitated via slow solvent evaporation, filtered, and vacuum-
dried at 65 °C. Elemental analysis indicated that this product
was a dihydrate and contained residual NaOH. This salt wes
used successfully in the subsequent reaction without further

e
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Scheme I
Synthesis of N.(1-Pyrenylsulfonyl)ethylenediamine
Hydrochloride (9)
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Scheme I
Synthesis of
N{(1-Pyrenylsulfonamido)ethyljacrylamide (5)
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purification. Yield: 51.0 g (71%). Anal. Caled for CyeH 130
SNa: C, 56.46; H, 3.85; 8, 9.42; Na, 6.76. Found: C, §5.64; H,

3.15; 5, 9.33; Nag, 8.71. IR: 3100-3700 (OH stretch due to H;0);

3045 (aromatic CH stretch); 1194 and 1060 (asymmetric and
syrametric S==0 stretch) cmat, 13C NMR (DMSO-dg): 5123.72,
124.82, 126.34, 126.26, 126.74, 126.80, 126.88, 127.29, 127.69,
130.11, 130.71, 131.29, 141.81 (all aromatic resonances).
1-Pyrenesulfonyl Chloride (8). Ahydrochloricacid solution
in diethy] ether (30 mL, 3 X 102 mol) was added to a slurry of
7(9.1g,3 X 10! mol) in DMF (200 mL) to generate the sulfonic
acid. Thionyl chloride (22 mL, 0.18 mol) was then added drop-
wise. TLC with 3:1 CH;Cls/acetone eluent showed the disap-
pearance of the starting material (R; = 0) and the appearance of
8(Ry=0.6). Stirringwas continued for 3h, and then the solution
was poured into 400 cm? of ice. ‘The orange-yellow precipitate
was filtered and washed with 500 mL of H;0. This material was
air-dried overnight on the filter and then vacuum-dried for 18
hat 100 °C. Yield: 7.7¢ (85%). Mp: 172°C. Anal. Caled for
CieHeSO,CL C, 63.89; H, 3.00; S, 10.67; CI, 11.78. Found: C,
63.86; H, 3.09; S, 10.61; Cl, 11.69. IR: 3107, 3145 (arow.atic CH
stretch); 1590 (SCl stretch); 1861, 1178 (asymmetric and sym-
metric $==0) em. #C NMR (DMSO-d¢): § 123.79, 123.90,
124.34, 124.93, 125.52, 126.40, 126.73, 126.99, 127.36, 127.91,
130.19, 130.78, 131.52, 141.55 (all aromatic resonances).
N-(1-Pyrenylsulfonyl)ethylenediamine Hydrochloride
(9). A modification of a literature procedure for the reaction of
acid chlorides with symmetrical diamines,” via a high-dilution
technique, was used for the synthesis of 9. Ethyienediamine
(10.0mL,0.16 mol) was added to 1 L of CH,Cl; and stirred rapidly
at 0 °C under a nitrogen blanket. 8 (3.0 g, 1.0 X 102 mol) was
digsolved in 1 L of CH,Cl; and added dropwise to the stirred
diamine solution. After addition was completed (about 2 h), the
CH.Ol daver waa extracted with 2 X 31, of HaD and 1 X 21, of
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5% NaCl. The CH,Cl: layer was slowly filtered through a ped
of MgS0; and then treated with 15 mL of 1.0 N HC! dissolved
in diethyl ether. The resulting fine pale-yellow precipitate was
vacuum-dried at room temperature, TLC of this material (3:1
CH,Cly/acetone eluent) exhibited only one component at R, =
0. HPLC purity wasdetermined to be >99.9%. Anal. Caled for
CsH:S0:NCl: C,59.92;H,4.72;N,7.77;S,8.89;Cl,9.83. Found:
C,59.92; H, 4.59; N, 7.57;5,8.64; Cl, 9.81. IR: 2800-3600 (NH;-
Cl stretch); 3318 (HNSQ, stretch); 3028 (aromatic CH stretch);
2912 (aliphatic CH stretch); 1325, 1159 (asymmetric and sym-
metric S=0); 1085 (SN stretch) cm™t. 33C NMR (DMSO-d¢): ¢
38.61,39.87 (ethylene resonances); 123.06,123.28,124.15, 126.77,
126.96, 129.63, 129.96, 130.40, 131.60, 134.05 (aromatic reso-
nances).

The free amine of 9 was prepared via addition of & concentrated
aqueous solution of a molar equivalent of NaOH to 9 dissolved
inthe minimum amountof DMF. After briefstirring, thesolution
was poured into H,0, which precipitated 9 in the free amine
form, designated here as 10. This yellow solid was washed with
H,0 and then vacuum-dried at room temperature. A downfield
shift of the ethylene resonances was observed in the 3C NMR
spectrum, confirming the formation of the free amine.? 3CNMR
(DMSO-dg): 542.62, 46.03 (ethylene resonances); 123.20, 123.46,
124.17, 126.77, 126.96, 129.70, 129.87, 130.53, 131.60, 134.05
(aromatic resonances).

N-[(1-Pyrenyisulfonamido)ethyl]acrylamide {(5). The ayn-
thesis of 5 is depicted in Scheme II. The amine hydrochioride
salt 9 (1.0 g, 2.8 X 10 mol) and 1,8-bis(dimethylamino)naph-
thalene (1.19 g, 5.6 X 1073 mol) were stirred with 7 mL of DMF
under a nitrogen stream for 15 min at 0 °C. Acryloyl chloride
(2.2 mL, 2.8 X 102 mol) in 7 mL of DMF was then edded drop-
wise to the amine solution. TLC (acetone eluent) was used to
follow the depletion of the starting amine (R; = 0) and the
generation of the product (R; = 0.70). After the addition was
complete, the reaction mixture was poured into 150 cm? of ice.
The product precipitated overnight as a yellow solid, which was
subsequently filtered and vacuum-dried at room temperature.
Yield: 0.90 g (88%). Product recrystallization was performed
by dissolution of 0.9 g of 5 in 300 mL of boiling CH,Cl;, decol-
orization with Norit RB 1 0.6 charcoal pellets, and filtration
through a Celite pad. Pale-green crystals formed, which were
recovered in 69% yield. Purity of this material was determined
tobe>99.9% viaHPLC. Anal. Caled for C5H;»S03Ny: C, 66.67;
H, 4.76; S, 8.47; N, 7.41. Found: C, 66.83; H, 5.00; S, 8.48; N,
7.49. IR: 3050-3600 (NH stretch); 3370, 3289 (HNSO, stretch);
3084 (aromatic CH stretch); 2938, 2864 (aliphatic CH stretch);
1659, 1540 (amide I and IT bands); 1312, 1159 (S=0 asymmetric
and symmetric stretch) cm™. 2*C NMR (DMSO-dg): & 38.717,
41.95 (ethylene carbons); 127.14, 129.58 (vinylic carbons); 123.09,
123.32, 124.07, 124.27, 125.02, 126.63, 126.79, 126.86, 129.44,
129.73,130.36, 131.44, 132.23, 133.88 (aromatic carbons); 164.84
(acrylamido ketone carbon).

Pyrenesulfonamide Model Compounds. 2,4-Dimethyl-N-
[(1-pyrenylsulfonamido)ethyl]glutaramide (3). Synthesis
of 3 required first the preparation of 2,4-dimethylglutaric
anhydride, followed by amination with 10 (Scheme II).

2,4-Dimethylglutaric Anhydride(11). 2,4-Dimethylglutaric
acid (2.0 g) was added to 5 mL of acetic anhydride. Vacuum
distillation of this solution at 90 *C gave acetic anhydride as the
first fraction. The anhydride product 11 then distilled over as
a clear liquid which cooled to form a hygroscopic, hard white
solid. Although an IR of this product showed the presence of
some diacid (OH stretch 2500-3500 cm-t; C=0 stretch due to
diacid at 1698 cm™), this material was successfully used in
subsequent reactions without purification. Yield: 1.1 g (62%).
IR: 3500-2500 (OH stretch due toacid), 1794, 1752 (asymmetrical
and symmetrical anhydride ketone stretching modes); 1698, 1459
(acid ketone stretching modes) cm™.

Synthesis of 3 (S8cheme I1I). The amine sulfonamide 10
(0.75 g, 2.31 X 10"* mol) was dissolved in 6 mL of DMF. This
solution was added dropwise to 11 (0.41 g, 2.54 X 10 mol)
dissolved in 2mL of DMF under N2t 0°C. The reactant mixture
was stirred for 5 h and then poured into 50 mL of saturated NaCl
solution, which was acidified (HCI). A yeliow oil immediately
formed. The H,0 was decanted and the product dissolved in 30
ml, of CH-Cl.. Extraction of this solution with 50 mL of H.O
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Scheme 111
Synthesis of Pyrene-Containing Model Compounds 3
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precipitated the product as a pale-green solid. TLC (CHsOH
eluent) gave a Ry = 0.82 for the product; traces of impurities near
Ry = 0 were also present. Purification of 3 was performed via
dissolution of 0.61 g in DMF, followed by flash chromatography
on 250 mL of silica gel, with CHyOH as the eluent. This procedure
was tedious since the product was very slow to elute. Vacuum
solvent removal from the pure fractions gave about a 0.2-g (33%)
yield of a pale-yellow-green product. The HPLC purity of this
material was determined to be >99.9%. Anal. Caled: C, 64.35;
H, 6.63; N, 6.01; S, 6.87. Found: C, 64.20; H, 5.69; N, 6.94; S,
6.73. TR: 3500-2500 (acid OH stretch); 3378, 3284 (HNSO,
stretching); 1737 (asymmetric C==0 stretch of the acid residue);
1684 (amide I); 1549 (amide II); 1302, 1167 (asymmetric and
symmetric S=0 stretch). *C NMR (DMSOQ-dg): 20.37, 21.13,
21.56 (aliphatic resonances of the glutaric residue); 42.84, 45.30
(aliphatic resonances of the ethylenediamine residue); 126.94,
127.92, 130.63, 133.23, 135.99, 137.62 (aromatic resonances);
179.01, 180.80 (ketone resonances of the glutaric residue).
N{(1-Pyrenylsulfonamido)ethyllgluconamide Heptahy-
drate (4). Synthesis of 4 is depicted in Scheme IIL The free
amine of 10 (0.44 g, 1.36 X 10~2 mol) was added to $-glucono-
lactone (12; 0.30 g, 1.68 X 10~ mol) iz 2 mL of CHyOH. A clear
green solution was obtained upon heating; a reflux was maintained
for 18 h. Compound 4 precipitated from solution as a yellow-
green solid. After filtration and washing with CH,OH, 4 was
vacuum-dried overnight at room temperature, The HPLC purity
of this compound was determined to be 99.9%. Elemental
analysis determined 4 to be a heptahydrate. Yield: 0.31g(45%).
Mp: 171-173°C. Ansl. Caled (heptahydrate): C,46.67;H, 4.90;
N, 4.53; 8, 6.19. Found: C, 46.16; H, 4.55; N, 4.24; S, 5.31. IR:
3600~3000 (OH stretch); 3379 (HNSO, stretch); 1657 (amide I);
1533 (amide II); 1419 (CN stretch); 1307, 1161 (asymmetric and
symmetric 8==0) cm-t. “C NMR (DMSOQ-dg): § 38.24, 41.20
(ethylene resonances); 63.27 (1'COH); 69.89, 71.44, 72.25, 73.45
(2’COH); 123.17, 123.35, 124.22, 126.65, 126.81, 127.09, 129.51,
129.68,129.62,130.51,133.93 (aromatic resonances); 172.77 (amide
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Scheme [V
Synthesis of Copolymer 1 via the Surfactant
Polymerization Technique
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Synthesis of Pyrenesulfonamide-Labeled Polymers.
Poly[ N-[(1-pyrenylsulfonamido)ethyljacrylamide-co-
acrylamide] 1. Surfactant Polymerization Technique. The
general method of Turner et al. was employed (Scheme IV).?
Monomer feed ratio in this copolymerization was 99.50 mol %
AM to 0.50 mol % 5. The polymerization was periormed by
adding 7.38 g (0.105 mol) of AM, 7.92 g (2.74 X 102 mol) of
sodium dodecyl sulfate, 0.20 g (5.29 X 10 mol) of 5, and 235 g
of H;0 to a 500-mL flask equipped with a mechanical stirrer,
nitrogen inlet, condenser, bubbler, and heating bath. This
mixture was heated to 50 °C under a nitrogen purge. The stirring
rate was maintained at approximately 60 rpm. All of the monomer
§ had dissolved after 15 min; polymerization was then initiated
via syringe addition of 8.25 X 10°¢ mol of K»S;0; a3 a deaerated
solutionin 2mL of H;0. Polymerization was allowed to continue
at 50 °C for 12 h, after which time the polymer was recovered
via precipitation into acetone. Purification was accomplished
by redissolving the polymer in H;O and dialyzing against HyO
using 12 000-14 000 molecular weight cutoff dialysis tubing, The
polymer was recovered by freeze-drying. Conversion was 22%.

Poly[N-[(1-pyrenylsulfonamido)ethyl]acrylamide-co-
acrylamide] 2, Solution Polymerization Technique. Mono-
mer feed ratios, quantities, and equipment in this preparstion
(Scheme V) were the same as in the previous procedure. Comono-
mers were dissolved in a mixture of 130 mL of DMF and 100 mlL.
of HyO. Three freeze-pump-thaw cycles were performed to
remove residual oxygen. The initiation procedure was as
described for thesurfactant polymerization. Inthiscase, polymer
precipitated from the solution as the polymerization continued
(12h). Pouring the suspension into acetone allowed recovery of
the polymer product. Purification procedures were as described
for the surfactant polymerization. Conversion was 21%. UV
analysis determined 2 to contain 0.35 mol % § (70% incorpo-
ration).

Characterization Methods. Pyrenesulfonamide Deriv-
ativas. 3C NMR spectra were recorded with a Bruker AC-300
instrument. Most samples were diseolved in DMSO-dy; chemical
shift assignments are relative to the central DMSO peak (1C,
39.60 ppm). UV-vis spectra were recorded with a Perkin-Elmer
Lamhda 6 spectrophotometer. A Mattson Mode! 2020 FTIR
was used to obtain infrared spectra.

Sample purities were determined in most casea by both TLC
and HPLC. TLC was performed on Merck Kieselge! 60 silica ge!
plates. Developed plates were generally viewed under 325-nm
light for pyrene derivatives. HPLC was performed on a Hewlett-
Packard Model 1050 system equipped with a photodiode-array
detector. A Waters y-Bondapak C18 column was employed with
methanol as the mobile phase. Thesample effluent was typically
manitnrad at 220 and 350 nm. Alternateiv. multiole wavelengtha

el S LTIETRY
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Scheme V
Synthesis of Copolymer 2 in DMF/H,0
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Table
Stock Solutions of Labeled Polymers

polym conc, fluorophore
polymer mg/dL conc, mol/L.
i 218 7.13 x 10°%
2 193 9.28 X 1075

were monitored—depending on the nature of the suspected
impurities.

Solution Preparation. Polymer stock solutions were pre-
paredin H;0 or 2% (w/w) NaCl at ca. 200 mg/dL. Several weeks
of constant mechanical shaking were required for complete sol-
ubilization. Solutions were filtered through an 8-um filter; a
peristaltic pump was employed to pump the solution at a low
flow rate. Polymer and fluorophore concentrations of stock
solutions are shown in Table I.

Copolymer Composition. The copolymer composition was
determined by UV analysis of the aqueous copolymer solutions.
The pyrenesulfonamide chromophore was determined to have e
= 24120 M1 cm"L.

Rheological Studies. Viscosity measurements were per-
formed on solutions ranging from 20 to 200 mg/dL in concen-
tration. Measurements were recorded with a Contraves low-
shear 30 rheometer at 25 °C and a shear rate of 6.0 7L

Classical Light Scattering. Classical light scattering mea-
surements were performed on a Chromatix KMX-6 instrument.
A 1.2-am filter was used in the filter loop. Measurements were
made at 25 °C. d,/d. measurements were taken on a Chromatix
KMX-16 differential refractometer also at 25 °C.

Results and Discussion

The synthetic objective of this work was to prepare a
pyrene-containing monomer which could be copolymerized
with acrylamide to yield a copolymer with associative
thickening behavior. Our concept was to utilize a hydro-
Iytically stable monomer with both the necessary hydro-
phobic characteristics and photophysical response. Al-
though fluorescence probes and labels have been used to
study organization, we know of no other reports utilizing
the flusrescence label as the sole hydrophobic moiety for
domain formation. :

The monomer N-[(1-pyrenylsulfonamido)ethyljacryla-
mide (8) proved to have the necessary properties to achieve
our synthetic objective. This monomer was initially
synthesized and a small quantity provided by Winnik's
group.1® Subsequently we modified synthetic procedures

—
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quantities of purified monomer for polymerization and
photophysical investigations.

Several features of § should be noted. The acrylamido
functionality of the monomer allows rapid copolymeri-
zation with the acrylamide monomers. Monomers of this
type have large ratios of (k;*/ k) where k, and &, represent
therate constants for propagation and termination in free-
radical polymerization. The amide and sulfonamide
linkages are hydrolytically stable in agueous media and
thus protect the integrity of the label during photophys-
ical analysis. The monomer 5 has no benzylic hydrogens
for chain transfer as do most pyrene labels reported in the
literature. The spacer length (in this case, ethylene) can
be altered in the synthetic procedure to decouple the
pyrene from the polymer backbone. Finally the pyrene-
sulfonamide chromophore has a high molar absorptivity
value and a high quantum yield of fluorescence.!!

The synthesis of 5 deserves some comment. The first
synthetic step (Scheme 1), chlorosulfonation of pyrene,
proceeded smoothly. Product 7, sodium 1-pyrene-
sulfonate, contained a small amount of NaOH but was
used without further purification. The compound was
isolated as a dihydrate; similar compounds have been
reported to exist as hydrates—for example, 1-pyrenesulfo-
nic acid.}? Transformation to pyrenesulfony! chloride (8)
was also facile.

The reaction of 8 with ethylenediamine to give N-(1-
pyrenylsulfonyl)ethylenediamine hydrochloride (9) was
problematic. Initial attempts, despite dilute reaction
conditions, led to production of significant amounts of
the ethylenediamine bis(sulfonamide) which was difficult
to separate from 9. Apparently, the reaction is diffusion-
controlled. Reaction of 8 with ethylenediamine is quite
rapid, and if the desired monosuifonamide product 10
encounters another molecule of 8, the sequential reaction
will occur.

Recent literature has addressed control of such reactions.
Monoacylation of symmetrical diamines can be achieved
by a “high-dilution” technique.”!* Therefore, a very dilute
solution of 8 was added dropwise to a solution of excess
ethylenediamine with rapid miting to reduce the disub-
stitution reaction.- A pure product was obtained by
extraction in methylene chloride and conversion to the
amine hydrochloride 9 by addition of HClin diethyl ether.

Reaction of 9 with acryloyl chloride (Scheme II) was
facilitated by using 2 equiv of the acid scavenger 1,8-bis-
(dimethylamino)naphthalene. This base is aterically
hindered!* and will not deprotonate the sulfonamide
proton 5. The sulfonamide proton of 5 is acidic; trieth-
ylamine and other bases deprotonate § to give the sul-

- fonamide salt, which is nonfluorescent. The pyrenesulfo-

namide monomer 5 was recrystallized from methylene
chloride. HPLC analysis utilizing dual ultraviolet detec-
tion at 330 and 220 nm indicated a sample purity greater
than 99.9%.

In addition to the desired sample purity, monomer 5 is
soluble in aprotic solvents such as dimethylformamide
and dimethylacetamide. It is insoluble in water but,
importantly, is readily solubilized by sodium dodecyl
sulfate micelles.

Model compounds 3 [2,4-dimethyl-N-[(1-pyrenyisul-
fonamido)ethyllglutaramide] and 4 [N-[{1-pyrenylsul-
fonamido)jethyllgluconamide heptahydrate] were synthe-
sized as water-soluble species bearing the pyrene-
sulfonamide moiety for model studies (Scheme III).
Neither 3 nor 4 has been previously reported. Structural

and purity evaluations of both were satisfactory. Inter-
a 1 L X Rt T JAS R FRNSERPVIRS - NP S S AR S
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Figure 2. Relative viscosity vs concentration for copolymer 2
in H,0 (A) and in NaCl (0).

drate. Other hydrophobic gluconamides have also been
reported to have highly hydrated structures.!®

Synthesis of Model Polymers. Two synthetic meth-
ods were chosen to prepare copolymers with approximately
0.5 mol % 5 but different microstructures. In the first
procedure, often called the “micellar technique™, 99.5 mol
% acrylamide and 0.5 mol % 5 were copolymerized in
aqueous solution in the presence of sodium dodecyl sulfate
at concentrations well above its critical micelle concen-
tration (Scheme IV). Potassium persulfate was used as
the initiator.

Concurrent studies in our laboratories with phenyl and
naphthyl chromophore-containing monomers have shown
that in this microheterogeneous procedure the surfactant/
hydrophobic monomer ratio is important in dictating final
rheological properties.’¢ Thesefindings are consistent with
a proposed mechanism of succeasive chain propagation of
hydrophobic monomers present in the separate SDS mi-
celles and solution polymerization of acrylamide resulting
inshort runs of the comonomer randomly distributed along
the polymerbackhone. The mportanceofthmdmmbuhon
will be addressed later in this report.

In a second synthetic procedure (Scheme V) the two
monomers in the same molar ratios were copolymerized
under homogeneous reaction conditions in a DMF/H;0
mixture again with potassium persulfate initiation. This
polymerization might be expected to occur in a more
random fashion than the micellar polymerization with
monomers of § randomly distributed along the backbone.

Copolymer Characterization. The micellar copoly-
mer 1 was purified by successive precipitation into acetone,
redissolution into water, dialysis to remove the surfac-
tant, and freeze drying. Verification of the removal of
SDS was obtained using the BaCl; reagent. Copolymer
2 precipitated as a suspension during polymerization and
was purified by sequential addition to acetone, filtration,
redissolution into water, and lyophilization.

Copolymer compositions were determined by ultraviolet
spectroecopic analysis in water of the pyrenesulfonamide
chromophore st 351 nm (e = 24 120 M1cm™). Copolymer
1 was found to contair 0.25 mol % b (50% incorporation),
while copolymer 2 contained 0.35 mol % (70% incorpo-
ration). Fluorescence studies which include character-
ization of the microstmcture of copfnlymem 1 and 2 are

— e
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Fxgure 3. Reduced viscosity vs concentration for copolymer 2
in H;0 (4) and in NaCl (0).
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4. Relative viscosity vs concentration for copolymer 1
in HzO (A) and in NeCl1 (O) and for homopolyaerylamide in H,0
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Rheological Studies

Rheological studies were performed on diluted stock
solutions (Table I). Copolymer 1 prepared by the micel-
lar technique, like many other associative copolymers
synthesized previously in our labs, required several weeks
with continuous shaking for eomplet.edxsaolutlon. ACon-
traveslow-shear 30 theometer operating at 6 8! was utilized
for viscometric studies.

Equations 1 (the Huggins equation) and 2 (the “modified
Einstein-Simha” equation) are often utilized to study
polymer solution behavior. The utility of the Huggins

Teq = [71 + K'In)°C (1
= 14 [(01C V]

equation (eq 1) is well recognized for solvated polymers;
alternately, eq 2 has been proposed for the analysis of
polymers which behave as suspensions in solution.!” Plots
of the relative viscosity versus concentration for 2, the
~ohiubinn malinmariznd avatam are ifluatrated in Figure 2
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Figure 5. Reduced viscosity vs concentration for copolymer 1
in H,0 (&) and in NaCl ().

in deionized Ho0 and 2% NaCl. The linearity of the data
and an intercept value of 1 suggest that this polymer
behaves as a suspension in solution. The higher order
terms of the Huggins equation, which account for inter-
polymer interactions, appear to be unimportant here. Hug-
gins plots of these data in water and NaCl are given in
Figure 3. The reduced viscosity is insensitive to the
polymer concentration (within experimental error), giving
a value of zero for the Huggins constant.

These data and fluorescence data to be presented later
suggest the presence of intramolecular hydrophobic as-
sociations of the pyrenesulfonamide label. Such associ-
ations could result in compaction of the polymer coil, giving
the observed suspensionlike behavior. Claseical light
scattering was performed on copolymer 2 in deionized H2O
indicating M, = 1.6 X 105 with 45 =~ 0.

Structure 1 is representative of copolymers of § with
AM prepared by the micellar polymerization technique.
Relative viscosity profiles are illustrated in Figure 4 for
deionized water and NaClsolutions. Atlow concentrations
(<0.10 g/dL), intermolecular association is apparent.
Increased ionicstrength (2% NaCl) contracts the polymer
coil, yielding a lower viscosity. The low C* value likely
represents the onset of intermolecular hydrophobic as-
sociations of the pyrenesulfonamide moieties. By com-
parison, a homopolymer of acrylamide exhibits linear
viscosity behavior throughout this concentration range.
Attempts at Huggins plots for 1 are given in Figure 6. The
nonlinearity of the profiles indicates the first two terms
of the Huggins equation are insufficient to model these
data. Such a nonlinear response is strong evidence for
intermolecular associative behavior. It should also be
noted that the sssociative tendencies at copolymer 1 in
solution preclude analysis by light scattering.

Conclusions

Qur objectives in the synthesis and study of model
associative polymers necessitated the synthesis of a flu-

Macromolecules, Vol. 25, No. 7, 1992

orophore-containing hydrophobic monomer and model
compounds. These materials were purified for polymer-
ization and subsequent photophysical studies. The hy-
drolytically stable, pyrenesulfonamide-labeled monomers
are readily copolymerizable with acrylamide via homo-
geneous (solution) and heterogeneous (micellar) polym-
erization techniquea. Labeled copolymers prepared by
the two procedures have significantly different rheolog-
ical behaviors. The surfactant-polymerized copolymer 1
in aqueous media exhibits a low critical overlap
concentration—typical of associative thickener behavior.
Conversely, the solution copolymerization yields capol-
ymer 2, which is mare spherical in nature. The Huggins
profile of this copolymer in aqueous solutions has zero
slope, demonstrating a compact conformation. Light-
scattering analysis of this copolymer in HyO givesasecond
virial coefficient value of zero. Photophysical analysis of
these systems has been conducted and is reported in the
next paper in this series.
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INTRODUCTION

Few studies have been reported for poiyampholytes with
fow charge densities' ® although copolvmers and ter-
polymers of this type have great potential as rheology
modifiers. Applications include drag reduction, enhanced
oil recovery, personal care and coatings formulations.
The "antipolyelectrolyte” eflect or increased viscosity m
salt solutions has not been commercially exploited.
Microstructural charge placement, polymer concentra-
tion and ionic strength are important in determining
viscosity behaviour. For polvampholyies with hydro-
philic mers, the lower the charge denwity the greato
the solubility in deionized water and the
clectralste necessary for dissolution™ *
Peiffer er ul.”* studied polyampholyvies with low charge
densitics by incorporating the neutral monomer acryl-
amide (AM }along with methacrylamidopropyitnimethyi-
ammonium chloride and sodium styrence sulphonate
vielding properties not readily attamnable with the high
charge density polvampholytes. Polymers were soluble
in detonized water a~ well as in the presence of added
clectrolvies. In the absence of added clectrolvies. the low
charge density polvampholyvtes ( Himo!™s) showed
intermolecular assoaatons whide the potviacrs with
higher charge denvues favoured antramolecular somg
associations. The rheology of gl tonic strength agueous
solutions could be controfled by admsting the net

fess added

* To whom warrespondence shoubd be dddie ot
0032 ANGT 9 204384 04
¢ 1992 Butterworth Hememann 1ad
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charge and the
polvampholytes.

Our laboratones have previously explored pobampho-
Ivic behaviour using high charge densits copolimers™ !
and low charge density terpolymers’ © Tow charge
density terpolymers fthe ADASAM terpolimer seres)
were made using AM as a reutral hydrophine monomer
along with sodium 2-acrvianudo-2-methipropanesul-
phonate (NaAMPS) and Z-acrvlamido-2-methyipropane-
dimcthytammonium hydrochlonide (AMPDAC) as the
charged monomers (Figive {3 The terpolimers werg
soluble in detopzed water and evhbied enhanced
viscosity as electrolvies were added Begh - and e -
molecular assocrations voubd be observet o henfogcdl
studies.

This paper reports the study of o nen senes of
terpolymers (the ATASAM scries) mude with 2-acryl-

ampon ety charee censty of the

amido-2-methvipropanetrimethylammaomuem:  chlonde
CszgH Ckzz(‘:u \‘HE'—?H :‘::'\?H
€=0 =0 =0 C=0
NH2 N Ni# N
1 L i
CHz=C=Crg  CHy=C-Crmy Lmi=C-CHy
oH. CH, {He
éOq C)"s“‘;\LC": - *’\‘Ci’"z
3 ol R
Na® CHE 9 N v
M NaAMPS AMPTAC SMPDAC

Figure 1 Stinciures tor the ot e
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{AMPTAC) as the cationic monomer. This monomer
features a quatcenized ammonium functionality which is
resistant to hydrolysis and readily copolymerizable®-'?.
The methods used to synthesize these terpolymers and
their dilute solution behaviour are discussed and com-
pared to the previously studied ADASAM series.

EXPERIMENTAL

Monomer syathesis

NUAMPS obtiined from Fluka was purified by
recrvstatlizaton from a methanol, 2-propanol solvent
system followed by drying under vacuum at room
temperature. Svnthesis of AMPTAC by a mulustep
procedure has been previously reported®. Brieflv. 2-
acrvlamido-2-methylpropanedimethylamine was reacted
with a [0-fold excess of methyl iodide in refluxing dicthyvl
ether then ion-exchanged 1o yield the product AMPTAC.

Swnthesis of werpolymers of AM swith Nu4MPS and
AMPTAC

Terpolymers of AM with NaAMPS and AMPTAC
{the ATASAM series) were synthesized by free radical
polymerization in 0.5 M NaCl agucous solutions under
nitrogen at 30-C using 0.1 mol% potassium persulphate as
the initator. The feed ratio of AM:NaAMPS:AMPTAC
was varied from 99 0:0.5:0.5 1w 701303 mol% with
the total monomer concentration held constant at
VAN The use of .3 M NuClas the reaction medium
ensured that the terpolymerns remamed w solution duning
polsmerization.

In o wpical synthesise specified quantitics of cach
monomer were dissolved o small volumes of Nadl
<olution. After the pH o was adjusted to 7. the separute
solutions were combmned and dituted to a 0.45M towal
monomer concentration, The reaction nuxture was
sparged with nitrogen for 20min then initiated with
0.1 mol% potassium persulphate. The ieaction was
usually terminated at < 30% conversion due to the high
viscosity of the reaction medium and as a precaution
against terpolvimer compositional drift. The polymers
were precipitated in acctone, redissolved in deionized
water, then dialysed using Spectra/Por 4 dialysis bags
with molecular weight cut-offs of 12000 14000gmol ™'
After isolation by Ivophilization, the polvmers were
stored in desiccators with 4 nitrogen atmosphere.

Al lerpolymers were soluble i deionized water except
for ATASAM 10-10 and ATASAM 15-15. These ter-
polvmers precipitated from solution during dialvais

These hydrogel-hike muatenads were washed repeated™s
with deionized water (o remove any remaimng salt, or
monomer, and then lvophihized. Conversions were detes-
mined gravimetrically. Teble 7 hists reaction parameters
for the terpolymerization of AM with NaAMPS and
AMPTAC. FTix. typrcal terpolymer: ATASAM 1515
N-H 3815 3200cm” P C H 2933 em i C=20
1674 13N em * (s S O 1208%em b st YO

PT92 ppms NHAMPS OO 178 O ppme chun CH
SSappmechan CHL 3N O ppimoguat. CHL ST Fpp goss
CH, 295 ppm.

Terpolviner ciiaraciericaiton

rerpolymer composiions were determined from O
nm.r. by integration of the umide carbonyl peaks' ™ °C
n.oLr, spectry were obtamed using Hwt wide aqueous
tD, 0O} polymer solutions with 3-trnmethyisilviy-1-propane-
sulphomic aad. sodwm salt (DSS) as the reference
FTur. spectra were acquired using o Perkin-Elmes
1600 series FTor. spectrophotometer. Molecular werght
stedies were perforimed on ¢ Chromatin KMX-6 fow
angle laser hght scattenng instrument. Retracine mdey
mcrements were obtaned using o Chromatix KMX-16
luser differental refractomeer For quasielastic hight
scattering a Langlev-Ford meodel LE1-64 channel digntad
correlator wis used i conjunction with the KAMX-6 Al
predsuremenis were condacted 2t 2% Chan 1AM Nad

Doscoml v sicasinr s s b

tock sofutions of sodiuns Jhifonde were propared
Dby die approproee o et o salt s deoned
water Polvmier stock solutions were made by dissolvny
Capectfied amount of polvmes gy salvent {rom these sidt
~ofunans. The sobrgons were then diduted 1o requined
cotventrations and adbowed to age for 203 weeks before
peing analised wih o Contraves L5230 rheometer
Triplicate samples were propared of cach concentration
1o reduce expermmental error Intrinsic viscosities weie
evaluated using the Hugwins cquation??

RESULTS AND DISCUSSION

The ATASAM terpolvmers were synthesized by varving
the ratto of AMINGAMPS AMPTAC from 49 0,50 5 10
TS mol” oo the fead Reaction parameters and the
resulting compostbions for the polvmers are unen i
Fabie ] The namiber appendedtothe acronym A TASAN
sovrs to the conveniiatiog o NaAMPN g AP

the feed respectnneiv This senes ditlers from the

Table I Reaction parameters for the terpolymerizanon of AN with NaAMPS and AN P T A(

feed
COMpOsion
Sample tmol” )
number AM NaAMPS AMPTAC
ATASAN e S DU R IR
ATASAN 2228 DEy 282 s
ATASAN S350 FARI TN}
VIASAN TG0 NI RBNRGIT
ATASAND 315 M YAalsn
ATASAN 504 S50 sotou

Conma

Ry
By ' o caues
th: ‘ VAT AN AN A
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previcusly studied ADASAM serics in that AMPTAC
replaces AMPDAC as the cationic monomer. The
quaternary ammonium of AMPTAC has been shown o
provide a hydrolytically stable cationic moiety which
remains charged regardless of solvent pH!2,

Compositional studies

Terpolvmer compositions were determined by the
integration of acrylamido carbonyl peaks obtained from
YC nmur. This method gave the moi% AM, NaAMPS
and AMI'TAC i the terpolvmers with the exception of
ATASAM 0.5-0.5 und ATASAM 2.35-2.5 which were
assumed to have compositions equivalent to their feed.
Previous studies of AM copolymers with NaAMPS
or AMPTAC showed low concentrations of charged
monomers in the feed provided random incorporation
regardless of the conversion? ', The terpolymerizi-
tions were lerminated at low conversion (< 30% except
for ATASAM 0.5-0.51 as an added precaution against
compositional drilt. Relatively good agreement between
the feed compositions and the terpolymer compositions
is shown in Tahle 1.

In these terpolymerizations it is unlikely that the
charged units exist in pairs along the polymer cham.
Previous studics have demonstrated that addition of
sodium chioride lowers monomer-monomer and mono-
mer-polvmer electrostatic interactions during polymer-
ization® 1017 A similar shickding effect would be expected
to eliminate monomer pairing thus producing poh-
amphalvies with charged monomers distributed ran-
dewnly along the polymer cham. Tos also nteresting that
attempts to svathesize these polvampholvies without
added clectrolvtes were ot suceessful due to phase
separation of the reaction mixture.

Light scariering stucdies

Classical and quasiclasue hght scattering data for the
ATASAM series are presented in Tuble 2. Molecular
weights range from 278 % 10° o 6.77x 10%gmol ~*.
Terpolvmers with similar degrecs of polymerization show
decreasing sceond vinal cocflicient (A4,) values with
increasing charge density. This trend is consistent with
that of recently prepared sulphobetaine copolymers of
AM with the zwatterionic monomer 3-(2-acrylamido-2-
methylpropanedimethylammonio)-1-propanesulphonate™.

The mean polvmer diffusion coeflicients (D) and
hidrodynamic diameters id,,) are consistent with degrees
of polvmenizanon and 1, values. Decreasing solvation
i~ indicated by decreaaing 4,0 lower d,, and targer D,
vadues. The twerpolymer ATASAM 5-5 has a degree of
polvimenization simubky (0 ATASAM  10-10 but has
greater A4, and d,, values

Viseomeriio studies

The dilute solution behaviour of the ATASAM series
was studied in relationship to copolymer composinon
and added electrolyte concentration. Apparent viscosities
of the polymers were measured at polymer concentrations
below C*. the cnticud everlap concentration, using o
Contraves LS-30 tow shear rheometer. The solunons
were aped 203 wecks o allow compleie sobation
Intrinsie viscositios were caleubuted usine the Hugyine
refationshup

LHecrs of terpolvaier compasiion. The terpolvaers
with approvimately balaneed molur concentrations of
NAAMPS and AMPTAC exinbit pohampholvie be-
haviour. ATASAM 310 displays pohvelectrolvie be-
haviour as a direct result of the charge imbalance. bor
ATASAM 0.5-0.5 and ATASAM 2.5-25 1he charge
density s not suthaent 1o produce maor changes i
viscosity, however shght mcreases in mtrmsic viscosits
were obsenved with increasing salt concentriation

Etfects of added clecrroliies, The effects of sodiam
chloride on the mtnmsic vescosities of the ATASAN
terpolymers were measured at i shear rate of 965 7 a1
25 C as shown an Figare 20 ATASAN 528 displays o
dramatc imcrease m viscosity with the addiion of a s
amount of sodium chlonde This s ndicatve of the
chmination of intamoleculurinteractions and the result-
g ol expunsion

The terpohvmers ATASAN T H0 and A TASAN 515
display compley behanrear saith mcreismy saft conven

it
sratton. The presence of o smath amoant of clectiobvie o
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Figure 3 Reduced viscostties of the ATASAM 10-10 terpolymer us a
function of polymer concentration at various tonic strengths determined
at a shear rate of 59657 ' at 23-C . The bars represent the distribution
of the data

required to solubilize both terpolymers. A shight increase
in the ioniz strength imtally produces « decrease in
intrinsic viscosity. likely duc to the chimination of
intermolccular molecular interactions with increasing
jonic strength?7. As the jonic strength increases further.
the intrinsic viscosities increise as intramoelecolar imter-
actions are reduced and cham solvation iy enhanced.

Figure 3 displays the reduced viscosity of ATASAM
10-10 as a function of polymer concentration at three
ionic strengths. Intermolecular teractions exist in
0.0 M NaClas suggested by the farge reduced viscos-
tics above ¢ (~0d15gdl polviner concentyation)
Polymer aggregation 1v hkely octurnng at low sah
concentration. In 0.23M NuCl the reduced viscosities
above C* decrcase as mtermolecular interactions are
disrupled. Remaining intramolecular mterachions in
0.25M NaCl are climinated resulting in increased
reduced viscosity at 1.0M NaClL

CONCLUSIONS

Synthesis of the ampholytic ATASAM terpolymers in
NaCl solutions allowed the incorporation of charged
monomers in equal amounts and in random sequences.
Molccular weights and 1. values varied from 2.78 > 10"
to 677 % 10%gmol © and 130 to 29 mimolg -
respectively. Solution properties were studied as fune-
tions of terpolvmer composion as determmed by

O pamr. and donic strength Polvampholyte behaviow
was observed for the polymer with as hitde 2s U Smolv.
of euch charged group and became sigmiicant when
Tmol% of each charged monomer was incorporated
ATASAM 5-5 displayed an 80% increase in intrinsic
viscosity in M NaCl compared 0 deiomized water
Al 12 and 15mol% ncorporation of cach charged
monomer, the solution behaviour was complex with
mereasing iome strength. These polvmers were insoluble
in deonized water but <hissolved m 003N Na(h
Increasing the tome strength to M NGO ed o«
decrease montrinsic viscostty, the resalt of ¢himinaton
of mtermolecular interacuons, re. ageregates  Furthes
ncresses inome strength led 1o disruption of it
molecular interactions and  an ncrease anomtnimag
\iscosity.
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Water soluble copolymers: 46. Hydrophilic
sulphobetaine copolymers of acrylamide and
3-(2-acrylamido-2-methylpropanedimethyl-
ammonio)-1-propanesulphonate

Charles L. McCormick* and Luis C. Salazar
Department of Polymer Science, University of Sauthern Mississippi. Hatiesburg,

MS 39406-0076, USA

(Received 29 July 1991, accepted 27 October 1997)

The free radical copolymerization of acrvlamide (AM) wub 3-(2-acrvlanudo-2-methyipropane-
dimethvlammonio )-1-propanesulphonate (AMPDAPS) has been studied 1 the range from 99 o 2870 AM
in the feed, Copolymer compositions abtained by elemental analysis and ¢ namur reflect the monomer
feed concentrations. The value of ryr, has been determined to he 0.60 for the AM-AMPDAPS par
Copolymer microstructures, including run numbers and sequence distributions. were cadeubited from the
reactivity ratios. Molecular weights for the series range from 3.0 % 10° 10 21.5 » 10" ¢ mol ' Second
virial coeflicients decrease from 2.67 10 0.21 mimol g7 as charge density increases, Intrmsic viscostties
decrease with increasing AMPDAPS content. but increase with increasing temperiatare (i the range of
25 60 Oy and added electrolvtes {NaCl and or CaCl,). The wlunon behaviowr of the homopobvmes of
AMPDAPS is mdependent of pH. The observed properties are consistent with the charge densiy of the
palymers and the sulphobetune sivucture of the AMPDAPS monomer.

(Keywards: copolyvimers: free radicals: acry lamide)

INTRODUCTION

Synthetic  polyampholytes can be prepared from
zwitterionic monomers which exhibit the requisite net
charge of zero at appropriate pH. The positive charge is
provided by a quaternary ammonium functionality and
the negative charge is provided by a carboxylate or
sulphonate group (betaine and sulphobetainej. A
number ol investigations have focused on the unusual
properties of zwitterionic polvampholytes.

Ladenheim and Morawetz reported the reaction
poly t4-viny) pyridine} with ethyl bromoacetate followed
by hydrolysis of the ester to give high charge density
polyampholytes’. Hart and Timmerman prepared
sulphobetaine polvampholytes by reacting polv(2-
pyridine } with suftones or by polymerizing the sulione
derivative of 4-vinylpyridine?. Salamone et al. synthesized
a variety of sulphobetaines based on vinylimidazole®.

Galin and co-workers conducted an elegant study of
poly(sulphabetaines ) with various structures*". They
described the synthesis of 4 series of polyampholytes by
the quaternization of vinylamines with 1.3-propancsultone.
Utilizing the Murk  Howink Sakurada relationship. the
evistence of speafic dipolar intramaelecular interactions
between  laterad zwitterions  was  established.  They
concluded that in the presence of electrolyles. a
polyampholvie behaved like i random coil of moderate
flexibility i a thermodynamically very poor solvent.

“To whan correspondence should be addressed

GO AT 9 THInET
O Busperwarty (Haonemamn 1ot

ﬁ“

Schulz ¢r al.® have examined the phase belnaaur and
solution properties  of  the  homopolyvmer  of  the
commercially available monomer N-(3-sulphopropyl}-
N-methacroyloxyethyl-N N-dimethvizmmonium  betaine
(SPE). Negative 1, wvilues  were found for  the
polyampholyte in solutions of low iomic strength @ positive
values were found as the tonic strength increased. Highiy
alternating copolymers of N-vinvipyrrolidone (NVP
with SPE which showed polvampholyte behaviour in
solution were also rescirched”.

Wiclma studied the sviatheus and solution propertics
of 7witterianie betaine and sulphobetame polvmers with
one. tao or three muthyienc units between the charged
groups. Varving degrees of sonization were achicved
for the carboxyvlate groups by controfling the pH. At hugh
pH values the polymers behaved as polvampholstes while
at Jow pH  wvalues. pelvelectrolyte behaviour  was
obserted. It was concluded that strong intramolecular
coulombic interactions were the dominant factor m the
solubility behaviour of 2wittcrionie polyvimers.

Previous rescarch in our laboratories focused  on
polvampholyic co- and  terpohvmers nrepared . by
mearporation of citiame and anione monomenstt
Rheologcal characterstios, paricalanhy pland clecrohve
respolianeness, canr be readidls changad byomeres
structural - manmputanon dunme syathess Recenthy
we tive mttuned stodies of polvampholvies prepared
from eaatterionie monomer s which would have st
structaral charactonnnes? bty papor we epod
the synthesis andg chatactenzauon  of a scres o
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copolymers of acrviamide with the novel amphoteric
monomer 3-(2-acrylamido-2-methylpropanedimethyl-
ammonio )-1-propanesulphonate (AMPDAPS).

EXPERIMENTAL

Muarerials and monomer syuthesis

AMPDAPS was synthesized by the ring opening
reaction  of 1.3-cvclopropancsultone (PS) with 2.
acrylamido-2-methvipropanedimethvlamine (AMPDA
Figre 1), 1.3-Cyclopropanesulione (Aldrich) was used
without further punfication. The syathesis of AMPDA
has been previously reported by our laboratories'”. In a
typical monomer synthesis, 0.144 mol AMPDA and 0.136
mol PS were reacted in 500 ml propylene carbonate under
N, at 55-C for 4 days. During this period the product
formed as a white precipitate. This was thean filtered and
washed with diethyl cther until all the propylence
carbonate was removed. AMPDAPS (m.p. 220-224°C)
was obtained in 80% yield. Analysis for C,,H,,N,0,S.
Calculated : C,49.29% : H.8.29% : N, 9.58% ;S. 10.96%.
Found: C. 49.07%: H. 827%: N. 9.56%: S. 11.12%.
Lr: N-H. 3280 em ™ '{m); C=C-H 2990 cm ':
aliphatic C-H, 2930 cm ™', amide C=0. 1660 cm ™ '{s)
and 1550 ¢m "' (s): $-0, 1200 cm ™ ' {s).

Acrylamide (AM. Aldrich) was recrystallized twice
from uacetone and vacuum dried at room temperiture.
Potassium persulphate (1. T, Baker) was recrystallized
wice {rom deionized water.

Svaihesis of copoiviners of AMPDAPS with AM

The homopolvmer of AMPHAPS and the copolymers
of AMPDAPS with AM (the DAPSAM series) werc
synthesized by free radical polvmerization in a 0.5 M
NaCl agqueous solution under nitrogen at 30 C using
0.1 mol% potassium persulphate as the mitiator. The
feed ratio of AM:AMPDAPS was varied from 99:1 to
25:75 mol% with the total monomer concentration held
constant at 0.45 M. The use of 0.5 M NaCl as the reaction
medium ensured that polymers with high AMPDAPS
content remained homogeneous during polymerization.

In a typical svnthesis. specified quantities of cach
monomer were dissolved in small volumes of NaCl
solution. The scparate solutions were then combined and
diluted to a 0.45 M monomer concentration. After the
pH was adjusted to 7. the reaction mixture was sparged
with nitrogen for 20 min then initiated with 0.1 mol%
potassium persulphate. A low conversion sample was
always analvsed 1o allow reactivity ratio studies. The
reaction was usually terminated at < 30% conversion
due 1o the hisgh viscosity of the reaction medium and as

CH2:CH CH2:$H
C= €=0
=0 ~ \
] c. .0 NH
HH ‘5" PGC )
I
CHy~C=CHy  + sz o —_— CHy~C—CHy
Mo
tHs Gt —CH, SR
ook \'Ha__? CHy
2 )
| “73
S04
AMPDA VS
AMPDAPS
Figure 1 Svadices o S aervlanndo- 2anethvipropanedinethy -

ammpio - boprogaceiphonate (AMPDAPS)
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4 precaution aguinst copolyvmer didt The polvmers were
preapitated in acetone, redissobved i daonized water
then dialvsed using Spectra Por 4 dialvsis bags with
mofecular weight cutoffs of 12000 14000 g mol "' After
isolation by lyophilization the polvmers were stored 1n
desiccators with a mitroven atmosphere.

When more than 40 mol%c AMPDAPS was incor-
porated in the copolyvmers sweliing but not dissolution
could be achicved in deromized water. These “hyvdrogels”
were washed repestedhy with daomzed water o remone
amy remaiming salt or monomer and then hophdized
Conversions were deternnned eravimetnicaliy Tuble }
Ists reaction paramicters tor the copolvmenzation of
AMPDAPS with AN and the homopolvmenization of
AMPDAPS. Lroo DAPSAM-{00 homopolsmer: N H
3200 emF (s9: C H 3030 em T otm) and 2980 cm
tmy C=0 1650 em ™ 5.8 O 1200 em ™! (s). Typical
copolymer: DAPSAM.73, N H 3250 ¢m T(s): C H
3030 em  (myand 2980 e (my: C==0 1670 ¢m
(1S O 120 em 7 (s

Copalviner clhracterizarios

Elemental anadyses for carbon, hvdrogen and mitragen
were conducted by M-H-W {_aborutaries ( Phocmix. AZ )
on both the low and hugh conversion copolvmer samples
BCononr. spectra of the DAPSAM polvmerns were
obtained using 5 10wt squeous (DO polimer
soluttons with DSS s thic reference. The pracedure fog
quantatnely dereronnmye copolvmer composions from
PO e as been discussed i detad efsewhere ™ Jfrr
spectra for all nrterais synthesized were ebtained usine
a Perhm-Elmer 1000 Seres FTir spectraphotometa
Moleoular werzht siudhes sweere pertormed on o Chramatin
KMX-0 fow anefe faser hehit sauttering matrumont
Refractive mdey naremienis were oblaimed  usang o
Chromatn KMX-16 Liser ditferential refractometer, For
quasiclastic hght scattering o Langlev-Ford  Madel
LF1-64 channel digital correlator was used in conjunction
with the KMX-6. All measurements were conducted at
23Cin | M NaClat pH 7.0 £ 0.1,

Viscostty measurements

Stock solutions of sodium chloride were prepared by
dissolving the appropriate amount of salt in detonized
water 1 volumetric flask~ Polymer stock selutions were
made by disrolving desigaasted wmounts of polvmer in
the salt solutions. The solutions were then diluted 1o
appropriate concentrations and allowed 1o gge for 203
weeks before being anaissed aith 2 Contraves 1830
rheometer. Trphcate samples were prepared of cach
concentration (o reduce expenmental error. Intrinsic
viscosities were evaluated using the Hupging equation™
The modified Emstein - Stmha cquation was used o
calculate the intninsic viscosities for DAPSAM-40-3 ax o
function of temperature®”

RESULTS AND DISCUSSION
Coanporgtional i s

The copolymicis of WIPDAPS with AM tihe
DIAPSAN seriesy were vsoihesized by varvng the foed
vtos of ANEANTPDAPS om 99 1
Reaction patamctens and the tesulang compositions §y
the pelsmers aie given m Jable 10 Copolvine
compostiions were deternaned from O nmr and

IS5 TS moi”,
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Table 1 Reaction parameters for the copolymerization of acrylanude (AM wub 3-i2-aaykamdo-2-methyipropsaedimctin fataisosio - 1 -

pmpancsulphonaie (AMPDAPS)

Reaction
Sample Feed ratio time Conversion
number AMAMPDAPS (h) Ya)
DAPSAM-1 991 50 288
DAPSAM-3 95:5 50 274
DAPSAM-10-1 90:10 28 129
DAPSAM-10-2 9010 45 221
DAPSAM-10-3 90:10 3.0 234
DAPSAM-25-} 78:28 45 143
DAPSAM-25.2 75:25 23 449
DAPSAM-40-} 60:40 20 9.2
DAPSAM-40-2 60:40 4.8 16.7
DAPSAM-40-3 60:40 33 38.2
DAPSAM-60-1 40:60 20 92
DAPSAM-60-2 40:60 48 16.7
DAPSAM-75-1 25:75 3.0 12.2
DAPSAM.75-2 25:75 7.0 247
DAPSAM-10( a:100 5} S6.8
“Determined from elemental analysts
*Determined from *C nmor.
‘Theoretical value
2 0
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o 204 e
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Mole Percent AMPDAPS in Feed

Figure 2 Mole percent AMPDAPS incorporated into the copolymers
as a function of comonomer feed ratio

efemental analysis data. integration of '3C carbonyl
peaks gave the mol% of AM and AMPDAPS in the
copolymers. which agrees favourably with that derived
from elemental analysis. The copolymer compositions as
a function of feed composition for the DAPSAM series
are shown i Figure 2. The copolymerization curve
follows closely that of an ideally random system
represented by the dashed line.

Reactivity ratio and microstructurs studies
Reactivity ratio values for the AMPDAPS series were
determined from monomer feed ratios and resultant

e EEEE— R,

AMPDAPS in AMPDAPS 1

C N copoly met copolymer
(wt% ) (wWt%d tmale ¥ tmotéu )
{ 1
< §>
3547 14 8y Viy o« U g HiG s o
Y61 de
o s gy
4373 [ARES T - Oy MRt IER I
3104 RN UL w
FERT 107 2003 Wil
4395 w7 WA .12
3439 $ 9 37917
1344 Yy3 Thha 17
4338 9.3y 1w+ 22 692+ 472
443 947 Tut o+ 22
LY LS

capalymer compostitons obtmned at Jow comsersions
Finenman Ross™ and Kelen Tudos™ aicthads were
used 1o determine the monomer reactis ity ratios. The
Fineman Ross method viedded reactioty ragos tor AM
and AMPDAPS of r, - 079 and vy v 0730 The
Kelen Tados method gave reactuviy ratios of 79 and
.75 for ry and roorespectneiy and rpre = 0600 The
experimental dina indicate rundom comononier incor-
poration with a shght alternating tendency.

To clucidate the microstructural features of these
copolymers. the equations of lgarashi?® and Pyun®® were
emploved. The fractions of AM-AM. AMPDAPS
AMPDAPS. and AM AMPDAPS units (the mol“.
blockiness, the mol% alternation, and the mean sequence
length) in the copolymers were calculated from the
reactivity ratios and the copolvmer compositions ( Tahic
2). The mean sequence lengths of AM and AMPDAPS
reverse in value when the amount of AMPDAPS in the
copolymers increases from 25 and 40 mol%. 10 60 and
75 mol%. This behuviour « mdicatine of o« random
microstructure.

Low angle laser light scaricrug

Weight-average molccular weights were determind by
classical fow-angle laser light scattering. Table 3 shows
the data obtained at 25 C in 1 M NaCl. The moleculur
weights vary from 3.0 > 19" 10 21.5 x 10°g mol . Fau
polvmers prepared under similar conditions {iniliator
concentration. reaction conversion. cte.), the more
AMPDAPS in the feed. the fower the molecular weight
of 1he residing palymer. The anubar molecular weiphis
of DAPSAM-T0and =25 and DAPSAM-60 and - 75 allow
meammgful assessments of the effects of copolvmier
compaosifton on solution behaviour,

The second vimal cocflicients 14.1 decrease with
increasing AMPDAPS cortent 1n the copolvmers, as
shawnm Frgure 2 Thisis the oppostie of polvelectrolyies
whicit have imcreasmg A, values with mcreasimg churyge
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3 Table 2 Structurs] data caleulaled for the copolymers of acrylamide M, (AM) with 3-(Z-acrylunudo-2-meth: Ipropancdimethylammonio -1
propanesulphonate M, (AMPDAPS
M, in Blockiness (mol%} Alternation Meun sequence fength
Sample copolymer e e e (mol%) S
number {mol% )" M,-M, M,-M, M, -M, M, A1,
! DAPSAM-10-1 19 772 04 2ty 82 1
! DAPSAM-25-1 26.0 S30 50 120 14 13
DAPSAM-40-1 429 4 14.8 S48 2z N
DAPSAM-60-1 IR 147 305 Sk s 2!
DAPSAM-75-1 719 60 407 344 1 T
“Determined with v, = 0.79 und r, = 0.75
"Determined from clemental analysis
i Table3 Classical and quasiefastic light scattering data for copolymers of acrylanuide (AM ] with 3-(2-acrylaando-2-methsipropenedimethy lammonio
f-propancsulphonate (AMPDAPS)
; AMPDAPS in At A,
Samplc copolymer (x 107" { % 10* D.tx 0" o, DpP
! number (tmol% ) dn/de g mol ™!y mi mol 2™ %) o’ sy (A (> 107y
; DAPSAM-1 i 11450 32 267 S 03 117 ENE
DAPSAM-3 Ky 0.1520 i2.4 1.76 316 L6560 15}
DAPSAM-10.2 9.6 0.1385 7.0 149 4.0t 1386 TS
g DAPSAM-10-2 10* 0.1330 21.5 1.69 RIS 1530 2in
{ DAPSAM-25.2 7.7 0.1395 8.2 133 397 P h e
' DAPSAM-20.2 Y IRRAS 15,4 G 7% 162 1424 et
DAPSAM-30-3 10" 1346 17.5 121 K 136t HE
. DAPSAM-60-2 NN 01480 R ] .49 yan 1430 Nl
: DAPSANM.T5.2 701 01793 67 03 a0 Yo <
DAPSAA-100 1y EEERN 30 0ol 60N <Th Che
“Determined from clemental anithysis
"Petermmed from ' nmor
Sl “Theoretical
3.0 T less than those of DAPSAM-] which approximates a
] neutral polvacryfamide sample.
: P Quasiclastic light scattering (¢.Ls.} data are presented
: 2.5 in Tuble 3 and dlustrated in Figires 4 and 5. The mean
: o ] polymer diffusion coctlicients (D, yand diumcters (4, for
o all copolvmer systems in I M NaCl show some
; 2.0 ~ dependence on the degree of polymerization and on the
b o io weight-average molecular weights As degree of pol-
g ° merization and molecular werght increase. D, salues
=154 o decrease (d, inerease ). The scatter in the datas, of course
é, G ) due to solvation differences with compositional changes.
. © w conclusion clearly supported by o4, salues.
o 1o
A ] o Diture solution propertics
x Effects of copoivmer composition. The  effecis of
WO E °© o copolvmer composition on the intrinsic viscosities of the
< ] 4 DAPSAM copotymers (Tuble 2) in 0314 M NaCl are
R shown in Figure 6. The decrease in the intrinsic viscositios
00 T 20 <0 8o 8o 10 is duc to decreases in molecular washt as well o

AMPDAPS in Copolymer {mol % mereasing lmn(mmlccuiur inferactions which consten i thy
polviner coils. The presence of the AMPDAPS manome:

Figure 3 Depoenadence of the second vinal coctiicient (4.1 on the units is responstble for the fatter. as demonstriced by e

‘iljmp‘)sll)lm of the DAPSAM polvmcrs cdetermned m 1M Nat second viral coeffictents. For DAPSAN-60 and 7%

- which have similar molecular weighre and degrees of
polymenzation. ancreasing AMPDAPS concentranon

density. In deionized water. copolyvmers with com- decreianes the respective minnsie viscosises Schuls o o

, posiions  greater  than 40 mol* AMPDLAPS e postulated these mterctions ta be based on elecirosian
insoluble. Solubdity is achieved i the presence of attractions  between  opposite charges  of - ditierens
: electrolytes: haowever. even in 1T M NaCl. 4, values are sulphobene umits™ One might expect such effevts o

4620 POLYMER, 1992, Volume 33, Number 21
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Water soluble copolymers. 46 C. L. McCormick and L. C. Salazar

8 The nitial  decreases wm intrinsic aiscosity - for
a DAPSAM-10 and DAPSAM.25 arc due to the .
] elimination of intermolecular interactions with increasing i
ionic strength. This behaviour has been observed with :
* other polyampholyte systems'-'*17 '8 DAPSAM-40.
6 which possesses a higher charge density. experiences a
— disruption of intramolecular interacuons with mcreasing
{ ~ o ¥ ionic strength. In all cases the inlrnsic viscostties nerease
~ significantly.
E4_ I Figure 8 demonstrates the effects of adding the ,
L x N divalent salt calcium chloride to solutions of the !
« & o DAPSAM copolymers and the AMPDAPS homopohvmer.
%y T DAPSAM-60. -70. and the AMPDAPS homopalymer
O pui
— are insoluble up to a cnticul concentration.
< 21 A number of studics by other rescarch groups have
attempted 1o find evidence for the cusience of
(o]
[
o v - —r e a
0 5 10 15, 20 25 1900 A
DP x 10
8 n
b 1550 - * o
4 w
o o ]
* 7
—~ Dﬁi 2004 % %
n « C
. * < *
(o] ~ -
E 4 * 3 [
S %
~ « o © 8501
© J & # * t
O : :
—
x 2 500 4+——F—+——
. 0 5 10 15, 20 25
o PP x 10
o] T T T T T T T T T
o} S 10 _5 15 20 25 1800 A b
Mw x 10 (g/mot)
Figure 4 Dependence of the diffusion coetlicient (D,) on (a) degree pe
of polymerization and (bj molecular weight of the DAPSAM "
copolymers (determined by q.bso i M NaClar 25 () /&)\‘550—1 ®
A . o C )
be especially strong as microheterogencous associations &
lead 1o Jocal decreases in diclectric constant of the " 1200 4 N N
domains. g
S 4 #
Effects of added electrolyies. The effects of sodium ™
chloride on the intrinsic viscosities of the DAPSAM t;) - N
copolymers and the AMPDAPS homopolymer were 8507
determined at a <hear rate of 1.75 57! as shown in Figure ;
7. The polymer solutions shew increasing intrinsic 1 i
viscosities as the amount of salt in the solutions increases. !
Some of the polymers <o not dissolve unless salt 500 . T . T - e
is present. DAPSAM-60 and DAPSAM-73 require o 5 0. 15 <G oL
0.0428 M NaCl. and DAPSAM- 100 needs 0.257 M Na(} Mw x 10 (9/”*0
for dissolution. Attempts to remave the sal! from the )
Figure & Dopendence ofcopebvmes mcar dameter o e

polymers by dialveis result in phase separaton of the
polymers from solution.

S ——

of pobmerization and (hy molecolar wenshe cderermys e

EMONG T 2S5 0y
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16 study, however, a simple approach was utihized to assess
the presence of hydrophobic domains in the DAPSAM
—_ 1 polymers. Urea is a water structure breaker which
{D solubilizes certain molecules by disrupting hydrophobic
15 domains. It follows that if hydrophobic dumains exist
Z o within polyampholytes, the presence of urca should alter
solution behaviour.
> ] © Solutions of the copolymers DAPSAM-10-3 and
@ e DAPSAM-40-3 were studied in deionized water. | M
S 81 NaCl, 1 M urea, and a mixture of 1 M NaCl and 1 M
B2 o urea. Figures 9 and 10 show the reduced viscosityv for
> each copolymer as a function of polymer concentration.
o For each copolymer, the solution in deionized water has
0
o 44 (o]
=
‘| 14
o { o J|ecococo DAPSAM - 10
o ~. _|coooo DAPSAM - 25
: N — . — \ T Y 124 —
; 0 20 40 60 80 100 = YTyt Bﬁggﬁﬁ - ég
: Mole Percent AMPDAPS in Copolymer ~=~ ;2-'*’#“ DAPSAM — 75
Figure 6 Inirinsic viscosity of DAPSAM copolymers as a function of 107ece0e DAPSAM - 100
AMPDAPS incorporated (determined i 0,514 M NaCT at a shear rate _3\ E
of 1.2557 1) jpant
%)
o
o
18 2z
: >
! - QRO0O DAPSAM-10
i oD QnOaD DAPSAM—25 o
j N5 o005 DAPSAM-40 )
{ — 00000 DAPSAM~60 O
; < i DAPSAM 75 )
: ~ +++++ DAPSAM~100 ) !
) ]
12
- nst
pree)
A Oty e
g 94 0.00 0.25 0.50 6.75 1.00 1.25
. o CaCl, {(moles/L)
k 2 .
; Figure 8 Reduced viscosity of DAPSAM copolymers a« « funciion of
6 CaCl, concentration (determined at 25 C at a shear rate of 173477
&)
gt
n 4
E 34 120 — -
— ] :
, g " o c ;
| c & |
! — 100+ :
: o] T T T ~T T T ™ T —_ ;
0.00 0.10 020 030 0.40 0.50  0.60 E 1 :
Jonic Strength {(mole/L) § . !
80 - :
Figure 7 Dependence of the mtnnsic viscosity - of  DAPSAM 4_2\
copolymers on Na€home streagth (determined at 25 Cat a shear raie” 7 1 ¢ N
of 1.75s ") @] 6 &
o 80- {
w i
pes 4 Py A B
> 8 o |
hydrophobic domains within polyampholytes. For O 40+ 2} 8
sulphobetaine and betaine polyampholytes, it is con- 8 8 8 8 ;
ceivable that intramer and intramolecular charge -charge 3 o i
associations may lead to such domains. Zheng er al. '8 20
utilized reporter anionic probes to find a polyampholytic o
environment with the same relative hyvdrophobicity of
methanol”. Wielma was unsuccessiul in usimg fluorescent e e N N ‘ -
lubels on polysulphobetaines (0 relate macroscopie 0oo 005 010 o ""*/ A
behaviour, such as increases in solution viscosity. to Copolymer Conc. {q/a
changes in the microenvironment along the polyampholyie . ]
e in ’ . ’ Figure 9 Changes i reduced viscosin of DAPSAN -1 e tuncey
backbone'”. . . L
. . . . of solvent fdetermined at 23 € wity o shear rade of SUnc
Our rescarch group is currently active in developing Dyetontzed warer o PAM NaCT 1Nt © TN Nt 1\
fluorescent probe and label wehnotogy® ™% For this urca
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Figure 10 Changes in reduced viscosity of DAPSAM-40 as a funcuion
of solvent {determined at 25 C with a shear rate of 59637 ') O.
Deionized water: [J. I M NaCl: A I Murea; Ot M NaCl+ I M
urca

the lowest viscosity. The addition of T M urea increases
reduced viscosity by only a small amount relative to that
produced by the addition of 1 M NaCl. The combination
of NaCl and urea yields the same viscosity increase as
that attained by 1 M NaCl alone. As a reference,
homopolvacrylamide solution shows no change in
viscosity in the presence of salt or urea. The shight increase
in reduced viscosity for both DAPSAM-10-3 and
DAPSAM-40-3 in the prescace of urea is most hikely due
to enhanced hydrogen bonding between the polymers
and the solvent. The major effect dominating rheological
behaviour appears to be charge screening upon addition
of NuCl. yielding better solvated chains. Transition from
dilute to semidilute behaviour is more readily observed
for the DAPSAM-10-3 sample which is initially less
compact than DAPSAM-40-3.

Effects  of temperature.  Intrinsic  viscositics  {or
DAPSAM-40-3 increase with increasing temperature
{ Figure 11). The copolvmer was tested in deiomized walter
in the range 25 60 C. Most neutral polymers and
polyciectrohvtes exhibit reductions in viscostty as &
function of increasing temperature. In deionized water
this betaine exists in a compact conformation as
evidenced by second virial coefficients and viscosity data.
Temperature increases obviously allow accessibility to
more extended conformations and better solvation.
Copolymers which were insoluble in deionized water,
however, could not be solubilized by the application of
heat, apparently as a result of strong intramolecular tonic
effects. Interesuingly. the DAPSAM copolymers are
phase stable (o 100 ¢ in the presence of added
clectralytes

Effects of pH. Although acrylamide can be used as a
comanomer to obtain very high molecular weights,
hydrolysis can be problematic, Frguee 12 shows the effeets
of pH on DAPSAM-251n detonized water and in 0.512 M
NaCL At high pH the acrstamide unit is hydrofysed 1o

the carboxylate jon and a corresponding increase in
viscosity is observed for the polymer in deionized water.
The presence of salt negates the polyelectrofyte effect and
disrupts zwitterionic intramolecular interactons. The
solution viscosities of the DAPSAM-100 homopolymer
are independent of pH in 0.512 M NaCl. Resistance
of the AMPDAPS monemer to hydrolysis is due to
the presence of geminal methyl groups next w ine
amide functionalitv. This protecting group hus been
used in other hydrolvucally stable monomers such
as sodium 2-acrvlamido-2-methylpropancsulphonate
(NaAMPS)?¥ and sodium  3-acrvlumido-3-methyl-
butanoate {NaAMB )™
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Figure 11 Intrinsic viscosty of the DAPSAM-J0-3 copolamur ds &
function of emperature tdeternuned in daonized water at a shear rate
of 5965 4
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CONCLUSIONS

The new sulphobetaine monomer 3-(2-acrylamido-2-
methylpropanedimethylammonio )-1-propanesulphonate
(AMPDAPS) has been synthesized and incorporated
into a series of copolymers (the DAPSAM series) with
AM as the comonomer. The polymers were examined
by *C n.m.r., FTl.1.. elemental analysis and low angle
laser light scattering. Elemental analysis data from low
conversion samples gave ryr, =0.60 for the AM-
AMPDAPS monomer pair. Copolymer microstructures
were statistically determined from reactivity ratios and
{found to be random with a slight alternating tendency.
Weight-average molecuiar weights in the range of
3.0 x 10°% 10 21.5 x 10 ¢ mol ™! have been determined
for the polymers. Second virial coefficients were found
to decrease in value as the zwitterion content of the
copolymers increased.

Increasing concentrations of AMPDAPS decrease the
intrinsic viscosities of the copolymers. Copolymers
containing more than 40 mol% AMPDARPS arc insoluble
in deionized water but readily dissolve in the presence of
NaCl. The copolymers display increased viscosity upon
addition of NaCl and CaCl, : intramolecular interactions
are responsible for this ellect. Intrinsic viscosities increase
in the temperature range 25-60°C.
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Water-Soluble Copolymers. XLII. Cationic Polyelectrolytes
of Acrylamide and 2-Acrylamido-2-
methylpropanetrimethylammonium Chloride

CHARLES L. MCCORMICK" and LUIS C. SALAZAR

University of Southern Mississippi, Department of Polymer Science, Hattiesburg, Mississippr 39406-0076

SYNOPSIS

The new monomer 2-acrylamido-2-methylpropanetrimethylammonium chloride (AMP-
TAC, M,) has been synthesized. Free radical copolymerization with acrylamide (AM, M}
in feed ratios varying from 10 to 50 mol % AMPTAC gave the cationic ATAM series.
Copolymer compositions were determined from *C-NMR. The reactivity ratio product r,r,
was found to be 0.62. Molecular weights varied from 1.4 to 16.5 X 10¢ g/mol for the co-
polymers. Turbidimetric studies showed aqueous solutions of the copolymers to be phase
stable in the presence of CaCl, and Na,CO; up to 100°C. Solution behavior was independent
of pH in the range of 3 to 11, and temperature in the range of 25 to 60°C. Intrinsic viscositivs
of the cationic copolvmers decreased with the addition of electrolytes; however, some samples
showed curvature in plots of intrinsic viscosity versus the inverse square root of jonic

strength. ©: 1993 John Wiley & Sans. Inc.

Keywords: polyelectrolyte « polvcation » acrylamide « water soluble « phase stabibi

INTRODUCTION

Acrylamide based polyelectrolytes are of increasing
interest for - wide variety of industrial applications.
Several examples of the uses of cationic polymers
are in such areas as paper products, flocculation,
film coatings, and membranes.! Polymers contain-
ing the cationic monomer 2-acrylamido-2-methyl-
propanedimethylammonium hydrochloride { AMP-
DAC) have been studied in our laboratories by
McCormick et al.>” Depending on pH and local mi-
crostructure the number of protonated and free
amine units varied under different solvation con-
ditions. The new monomer 2-acrylamido-2-meth-
ylpropanetrimethylammonium chloride (AMPTAC,
M,) has been synthesized which features a quater-
nized ammonium molety stabilized from hydrolysis
by a gem-dimethyl group.®® The monomer possess

* To whom all correspondence should he addressed.

Jaurnal of Polvimer Science: Part A Polvmer Cheemstiry, Vol 31,3099 110401930
«- 1993 John Wiley & Sons, Inc COLORRT.624K /43 /051K 06

an acrylamido functionality which readily polymer-
izes in aqueous solution.

Copolymers of this new monomer with acrylamide
(the ATAM series) have been synthesized with a
variety of compositions. Experiments were con-
ducted to determine reactivity ratios which were (in
turn) used to stalistically elucidate the microstruc-
ture of the copolymers. Dilute solution viscosity be-
havior was examined as a function of compaosition,
pH, temperature, and added electrolytes. Phase be-
havior was also studied as a function of added elec-
trolytes.

EXPERIMENTAL

Materials and Monomer Syanthesis

The synthesis of 2-acrylamido-2-methylpropanetri-
methvlammonium chioride {AMPTAC) involved
a multistep procedure (Fig. 1). In the first
step 2-acrylamido-2-methvipropanedimethviamine
{AMPDA) was synthesized using the procedure of
McCormick and Blackmon.® This precursor was

1099




1100 MCCORMICK AND SALAZAR

further reacted with methyl iodide and then ion-
exchanged to yield the product AMPTAC.

Acryloyl chioride obtained from Aldrich and 1-
dimethylamino-2-amino-2-methylpropane supplied
by Angus were used without further purification. A
typical synthesis involved the dissolution of 0.5 mol
of diamine precursor in 400 ml, of tetrahydrofuran
(THF) in a 1000 mL flask equipped with a me-
chanical stirrer and an addition funnel. After cooling
the reaction mixture to 5-10°C, 0.5 mol of acryloyl
chloride were added dropwise over a period of 1-1.5
h. On completion of the addition, the reaction was
allowed to proceed for another 5 h at room temper-
ature. The product AMPDAC, a white precipitate,
was filtered and dried under vacuum; THF was
completely removed to avoid complications in the
next step. The crude AMPDAC was dissolved in
deionized water and the pH adjusted to 12-13 by
the addition of concentrated NaOH. Extraction with
chloroform, followed by concentration, provided the
uncharged precursor AMPDA. For purification,
AMPDA was recrystallized twice using a chloro-
form/petroleum ether solvent svstem. Pure AMPDA
was then reacted with a 10-fold excess of methyl
iodide in diethyl ether. Typically methyl iodide (2.5
mol) from Aldrich was added to 0.25 mol AMPDA
in 200 mL of diethyl ether. The reaction was allowed
to reflux with stirring for 20 h. This initial reaction
gave the quaternarized monomer precursor 2-acry-
lamido-2-methylpropanetrimethylammonium iodide
(AMPTAI) as an off-white precipitate. After iso-
lation by filtration, the precipitate was purified by
two recrystallizations employing a 2-propanol/di-
ethyl ether solvent system.

The iodide ion was then ion-exchanged using
Dowex 17 resin to obtain the desired AMPTAC.
Usually the monomer AMPTAC was not isolated
but used in solution obtained directly from the ion-
exchange column. The quantitative conversion of
AMPTAI to AMPTAC allowed the concentration
of AMPTAC to be determined from the amount of
AMPTATI used and the amount of solution {water/
monomer) collected. If isolation was required, a di-
lute solution of the ion-exchange eluent could be
lyophilized to yield AMPTAC. Isolation was avoided
if possible due to the occurrence of autopolymeri-
zation during lyophilization and the very hygro-
scopic nature of AMPTAC. -

Acrylamide (AM) from Aldrich was recrystallized
twice from an acetone /petroleum ether solvent sys-
tem and vacuum-dried at room temperature prior
to use. Potassium persulfate from J. T. Baker was
recrystallized twice from deionized water prior
10O usc.

Synthesis of Copolymers of 2-Acrylamido-2-
methylpropanetrimethylammonium Chloride
with Acrylamide

The ATAM series of copolymers was svnthesized
by free radical polymenzanon of 2-acryvlamido-
2-methylpropanetrimethylammonium chlorde
{AMPTAC) with acrvlamide (AM ) in aquesus so-
fution at 30°C using 0.1 mol 7 potassium persulfate
as the initiator. The feed ratio of AM . AMPTAC
was varied from 90 : 10 to 50 : 50 with the total
monomer concentration held constant at 0.46Af

In a typical synthesis, separate solutions with
specific concentrations of each monomer were com-
bined. The pH was adjusted 1o 7 and the reaction
mixture was transferred to a 1000 ml three-necked
flask equipped with a mechanical stirrer, nitrogen
inlet, and a gas bubbler. The mixture was placed in
a 30°C water bath, sparged with nitrogen for 20 mn,
then initiated with 0.1 mol % of potassium persul-
fate. The reaction was terminated by precipitating
the polymer with acetone at less than 0% conver-
sion. The polymers were purified by dialvais in
Spectra/Por 4 dialvsis bags with molecular wepht
cutoffs of 12.000-14,000 Da. After isolation by by
ophilization, the copolvimers were stored in desic.
cators under nitrogen.

IR: homopolyvmer, ATAN 100, N - M i broad s,
3426-3297 em 'L C o HL 30472038 am 0 C o O,
1658 em ' ' (s). 1942 ¢m T imy; N —R, 956 cm .
Typical copolvmer: ATAM-50, N -~ H {broad 1, 3423
em™, C—H 2068-2934 cm ', C =2 O 1666 cm ' (),
1542 cm™ (m); N —R,; 965 ¢m P

BC-NMR: homopolvmer, ATAM-100. C =20,
178.8 ppm; chain CH,, 37.3 ppm; chain CH, 44.6
ppm; CH,—N", 73.0 ppm: C, 56.8 ppm: gem CH:.
30.0 ppm; N* —CH.,, 37.9 ppm.

Copolymer Characterization

Copolymer compositions were determined {rom 2°C.
NMR by the integration of acrviamide carbonvl
peaks.!” C-NMR spectra were obtained using 10
wt/wt % aqueous (D,0) polymer solutions with
DSS as the reference. FT-IR spectra were abtained
using a Perkin-Elmer 1600 Series FT-1R spectro-
photometer. Molecular weight studies were per-
formed on a Chromatix KMX-6 low angle laser [ight
scattering instrument. Refractive index increments
were obtained using a Chromatin KMN 16 juser dif-
ferential refractometer. For quasiolactie Hight scat-
tering a Langlev-Ford Model LLF1-64 channel digiral
correlator was used in conjunction with the KAXN-
6. All measurements were conducted at 2570 1M
NaCl.
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Figure 1. Multistep synthesis of the cationic monomer

2-acrylamido-2-methylpropanetrimethylammonium
chloride (AMPTAC).

Viscosity Measurements

Stock solutions of sodium chloride (0.042, 0.086,
0.257, and 0.514 M NaCl) were prepared by dissolv-
ing the appropriate amount of salt in deionized water
in volumetric flasks. Polymer stock sclutions were
then made by dissolving the appropriate amount of
polvmer in these solutions. The solutions were then
diluted to final concentrations and allowed to age
for 2-3 weeks before being analyzed with a Contraves
LS-30 rheometer.

Turbidimetry

A phototurbidimeter was employed for measuring
the critical phase separation temperature of the
polymers. Polymer solutions with concentrations of
0.20 g/dL in various solvents were stirred by a mag-
netic stirrer, and heated slowly at a rate not ex-
ceeding 3°C/min by an air heating system. A ther-
mometer was used to monitor the temperature to

Table 1.
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within 0.2°C. A decrease in photoelectric current
caused by a decrease in the transmittance of light
was used to identify the onset of polymer precipi-
tation. The cloud point (critical temperature } could
be assessed with an accuracy of 0.5°C,

RESULTS AND DISCUSSION

The synthesis (Fig. 1) of the new monomer 2-ac
rylamido - 2 - methvlpropanetrimethylammonium
chloride (AMPTAC) has allowed the preparation
of a series of cationic polyelectrolytes (the ATAM
series ). These copolymers are analogous to the pre-
viously studied copolymers (the ADAM series) of
acrylamide with 2-acrvlamido-2-methylpropane-
dimethvlammonium hydrochloride (AMPDAC).
Quaternization of the cationic moiety by a fourth
alkyl group yields a monomer which is pH stable in
aqueous solution. The effect of this added methyl
substituent on copolvmerization behavior was stud-
ied by examining the microstructure of the copoly-
mers using reactivity ratios to calculate monomer
sequence distributions. Changes 1n polymer-solvent
interaction were assessed by studving the dilute so-
lution properties and the phase hehavior of the co-
polymers as a function of composition, pH, temper-
ature and added ¢lectrolyvtes,

Compositional Analysis

The ATAM copolymers were synthesized by varving
the feed ratios of AM : AMPTAC from 90 : 10 to 50
: 50 mol %. Structural characterization was achieved
bv integration of the C-NMR amide carbonyl
peaks. Reaction parameters ard the resulting com-
positions for the ATAM series are given in Table 1.
The reactions were usually terminated at < 50%
conversion due to high viscosity of the reaction me-

Reaction Parameters for the Copolymerization of Acrvlamide tAM) with

2-Acrylamido-2-methylpropanetrimethylammonium Chloride (AMPTAC)

Reaction AMPTAC in
Sample Feed Ratio Time Conversion Copolvmer®
Number AM : AMPTAC (h) (%) (mol %)
ATAM.9 91:9 3.0 10.8 906
ATAM-20 80 : 20 w4 20.5 e 12
ATAM 30 70 R0 6.4 459 SHARER I
ATAM-50 50150 6.5 R ERIREES
ATAM-100 0100 24

s Detormined from 7O NMR.
T hearetical value

38K Ton'
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(mole %)
~
~

40 L4

204 ¥

AMPTAC in Copolymer
w

20 Py ® 80 100
AMPTAC in Feed (mole %)
Figure 2. Mole percent AMPTAC incorporated into

the copolymers as a function of comonomer feed ratio.
The dashed line reprasents ideal random incorporation.

diurn and as a precaution against compositional
drift. Copolymer compositions as a function of feed
composition are shown in Figure 2. The data lie close
to the dashed line which represents compietely ran-
dom incorporation.

Reactivity Ratio and Microstructure Studies

The feed ratios and the resultant copolymer com-
positions were used to calculate reactivity ratios for
the AM : AMPTAC pair. A linear least-squares
evaluation of the high conversion method of Kelen
et al. yielded values with 95% confidence.’! AM (M,)
and AMPTAC (M;) comonomers gave reactivity
ratios r; = 0.95 * 0.03 and r, = 0.66 * 0.08 (ryr,
= (0.62). This indicates a more random incorporation
than the AM : AMPDAC monomer pair which had
rir, = 0.19.2 This increased randomness may signify
that the quaternary ammonium moiety forms a
tighter ion pair with the chloride counter ion and
therefore is not as electrostatically active as the am-

monium hydrochloride monomer. Alternatively the
additional hydrophobicity of AMPTAC may play a
role in collision frequency during polymerization.

Microstructural information was obtained statis-
tically using the equations of lgarashi'? and Pyun"
and is presented in Table 1l. The fractions of AM-
AM, AMPTAC-AMPTAC, and AM-AMPTAC
units in the copolymers and the mean sequence
length of the monomers in each copolymer were cal-
culated from reactivity ratio data. The data are in-
dicative of random monomer sequencing. For the
ADAM copolymer with composition similar to
ATAM-50, the mole percent alternation was 25%
higher while the mean sequence length of the cat-
ionic monomer was 24% less. This information is
in accord with the reactivity ratios and the data of
Figure 2.

Light Scattering Studies

Classical and quasielastic light scattering data for
the ATAM series are presented in Table I11. With
the exception of ATAM-50. the copolymers have a
narrow range of molecular weights ranging from 1.5
X 10° g/mol for the homopolymer ATAM-100 to
4.0 ¥ 10°% g/mol for ATAM-20. The values deter-
mined for the high molecular weight of ATAM-50
were reproducible but mav be the result of polymer
chains remaining entangled after dissolution.
Weight-average molecular weights determined by
classical light scattering are skewed in favor of large
molecules (or aggregates). Quasielastic light scat-
tering is not as sensitive to the presence of large
molecules (or aggregates ). Hence the difflusion coef-
ficient data and the average diameters do not reflect
a significant deviation in size {rom the other copol-
ymers for ATAM-50. The second virial coeflicients
indicate increasing polymer/solvent interactions as
the amount of AMPTAC in the polymers increased.

Table Il. Structural Data for the Copolymers of Acrylamide (M,) with
2-Acrylamido-2-methylpropanetrimethylammonium Chloride (M,}

Alternation Mean Sequence

AMPTAC in Blockiness (mol %) {mol %) Length
Sample Copolymer® - T
Numbher (mol %} M,-M, M,-M, M, -M, M, M.
ATAM-y 9.0 %23 0.6 171 ne 1i
ATAM-20 22.0 63.7 2.8 335 1.8 1.2
ATAM-30 32.3 49.3 6.4 445 3¢ 1.
ATAM 50 49.0 26.3 18.1 1.7

* Determined from PC-NMR.

55.4

2.0
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Table XII. Classical and Quasielastic Light Scattering Data for Copolymers of Acrylamide (AM)
with 2-Acrylamido-2-methylpropanetrimethylammonium Chloride (AMPTAC)

AMPTAC in

Sample Copolymer M. A, Dy X 100 d,

Number {mol %)° (X 107 g/mol) {X 10* mL - mol/g?) {cm?*/s) A) DP > 107
ATAM-9 9.0 1.37 0.90 5.19 1061 1.65
ATAM-20 22.0 3.97 1.12 3.45 1503 4.05
ATAM-30 32.3 3.08 1.38 3.51 1770 2.76
ATAM-50 49.0 16.47 2.02 2.96 1723 11.90
ATAM-100 100 1.47 2.12 6.37 916 0.71

* Determined from *C-NMR.

Effects of quaternizing the ammonium moiety are
manifested in the values of the second virial coef-
ficients. Those previously reported for the ADAM
series? were an order of magnitude {0.32~1.6 X 1073
mL mol/g?) larger than those for the ATAM series
(0.90-2.12 X 10™* mL mol/g?). Again, this provides
more evidence for increased hydrophobicity or ion
condensation of quaternary AMPTAC monomer.

Viscometric Studies

The solution behavior of the homopolymer ATAM-
100 was examined in the pH range of 3to 11in 0.1 M
NaCl. No dependence in apparent viscosity was ob-
served. This is expected since there is no facile
mechanism by which AMPTAC may lose its charge
as is the case with the AMPDAC monomer.
Intrinsic viscosities for the ATAM series poly-
mers are independent of temperature. The polymers
were tested in deionized water and in 0.5 NaCl in
the temperature range of 25 to 60°C. Most polymers

-
»

Q
1 ‘ 00000 ATAM -9

12 4 ooooa ATAM=-20
o Q asssa ATAM—3C
~ 11 00000 ATAM-50
—6'10. anase ATAM=~ 100
e
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> 84 \8\
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1] 0-\'__
o

Sed &
4 \
>

44 @ )
v T
2 | o;\.___________q____.8
< 2 ~ e u_
s ——
<

0 gy ey

0.60 0.20 0.40 060 08

Conc. NoCl (M)

Figure 3. Intrinsic viscosities for the ATAM copolymer
series as a function of NaCl concentration determined at,
a shear rate of 5.95 s ' at 30°C.

and polyelectrolytes exhibit reductions in viscosity
as a function of increasing temperature. This is due
to the elimination of rotational hinderences allowing
the polymer coils to occupy smaller volumes in so-
lution. The polymers of the ADAM series display
viscosity reduction with increasing temperature.”
Second virial coeflicients show however that the
ATAM series are poorly solvated with compact con-
formations over all temperatures studied. Changes
in solution temperature may alter polymer confor-
maticns but not significantly enough to change so-
fution behavior.

The ATAM polymers act as cationic polvelectro-
lytes with reduction of intrinsic viscosities with the
addition of electrolytes (Fig. 3). To further dem-
onstrate this behavior, the intrinsic viscosities were
plotted as a function of the reciprocal square-root
of the ionic strength (Fig. 4). Only ATAM-30 ex-
hibits the linear dependence which is typical of
polyelectrolytes. The curvature of the data indicates
an enhanced sensitivity to ionic strength relative to

[¢]
1 00000 ATAM--9
124 voooo ATAM-20
asana ATAM~ 30 ¢
00000 ATAM-50 /
|0.1 waaao ATAM- 100 /
4

(al/q)

ntrinsic Viscosily
2
\
[~}

\’\\\o

Figure 4. Intrinsic viscosities for the ATAM copolyv-
mers plotted as a function of the inverse sguare root of
ionic strength.
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other polyelectrolytes. This may be due to the hy-
drophobicity of the cationic monomer AMPTAC and
the resulting site electrostatic binding of the chloride
counterion (decreased dielectric constant).

Turbidimetry

AMPTAC is designed to be a cationic monomer sta-
ble to changes in pH. An added benefit is superior
phase stability. Aqueous solutions of the ATAM co-
polymers remain soluble to 100°C in presence of
3.5% Na,CO;. The ADAM copolymers by contrast
exhibited phase separation as the amount of Na,CO,
and the solution temperatures increased.* Due to
the cationic nature of the ATAM polymers, divalent
cations such as CaCl, have little effect on phase be-
havior.

CONCLUSIONS

The new monomer 2-acrylamido-2-methylpropane-
trimethylammonium chloride has been synthesized
and incorporated intc copolymers with acrylamide.
BC.NMR was used to determine the copolymer
compositions. Reactivity ratios determined from a
method from Kelen et al. were found to have rr,
= 0.62. Copolymer microstructures have been sta-
tistically predicted, utilizing the methods of Igarashi
and of Pyun, to be nearly random. Agqueous solutions
of the copolymers exhibit phase stability in the
presence of CaCl, and Na,CO; up to 100°C. Intrinsic
viscosities decrease with the addition of electrolytes.
Linear dependence of intrinsic viscosities on the re-
ciprocal square-root of ionic strength was not ob-
served. This sensitivity to electrolytes at low ionic
strengths is due to the increased hydrophobicity of

the ammonium moiety once counter ion condensa-
tion has occurred.

The authors would like to acknowledge Kent Newman for
the VC-NMR work, Paul Welch for helping with the vis.
cametric studies, and the Department of Energy, the Oftlice
of Naval Research, and the Defense Advanced Research
Projects Agency for support of portions of this research.
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Water-Soluble Copolymers. XLV. Ampholytic Terpolymers
of Acrylamide with Sodium 3-Acrylamido-3-
Methylbutanoate and 2-Acrylamido-2-
Methylpropanetrimethylammonium Chloride

CHARLES L. MCCORMICK* and LUIS C. SALAZAR

Department of Polymer Science, University of Southern Mississippi, Hattiesburg, Mississippi 39406-0076

SYNOPSIS

Water-soluble, low charge density polyampholytes have been synthesized by free-radical
terpolymerization of acrylamide (AM) with sodium 3-acrylamide-3-methylbutanoate
(NaAMB) and 2-acrylamido-2-methylpropanetrimethylammonium chloride (AMPTAC).
Terpolymer compositions obtained by *C-NMR reflect monomer feed concentrations. Mo-
lecular weights and second virial coefficients range from 3.43 t0 19.4 X 10% ¢ /mol and from
1.63 to 3.61 mL mol/g 2, respectively, as determined by low-angle faser light scattering.
lonic associations were explored by investigating the dilute sclution properties as a function
of terpolymer concentration, terpolymer charge de.sity, and added electrolvtes. Terpolymers
with 0.5, 2.5, and 5.0 mol % of both of the cationic (AMTAC) and anionic ( NaAMB)
monomers were soluble in deionized water, wheiaas those with 10 and 15 mol % of each
moncmer required electrolyte addition. The higher-density terpolymers undergo a 700%
increase in intrinsic viscosity upon changing NaCl concentration from 0.05 to 1 M. Poly-
electrolyte behavior could be induced by decreasing solution pH below the pK, of the
NaAMB mer. Intermolecular ionic associations resulting in gel networks were studied uti-
lizing dynamic mechanical analysis. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

Only 2 limited number of synthetic polyampholytes
have been reported in the literature that possess the
carboxylate moiety as the anionic group. Early
studies incorporated methacrylic acid and various
ammontum species that provided high charge den-
sity polymers that were polyampholytes at their iso-
electric points.!”® The polymers were polyanions in
alkaline solution and polycations in acid solution.
Nonaka and Egawa* treated potassium polymeth-
acrylate with 3-chloro-2-hydroxypropanetrimethyl-
ammonium chloride to obtain polymers with various
amine /acid ratios. Merle et al.* compared polyam-
pholytes prepared by the hydrolysis or acidolysis of
poly (N,N-dimethylaminoethyl methacrylate tc

* To whom correspondence should be addressed.

Jouraal of Applied Polymer Science, Val 48, 1515 1120 (1993)
1953 John Wiley & Sonn, Ine COC D71 .8395/93/0611 1506

polymers made by the copolymerization of N,N-di-
methylaminoethyl methacrylate and methacrylic
acid.

Polvampholytes with regular structures have also
been reported that incorporated the carboxylate
group, but solution properties were rarely men-
tioned.®® Zwitterionic polvampholytes have been
made with the carboxylate as part of a betaine func-
tionality.? Wielma studied the synthesis and solu-
bility of zwitterionic polymers with carboxylate
moieties.” Varying degrees of ionization were
achieved for the carboxylate groups by controlling
the pH. At high pH values, the polymers behaved
as polvampholytes, whereas at low pH values, poly-
electrolvte hehavior was observed.

Previously we reported ampholyvtic terpolvmers
containing the carboxvlate group as the negatively
charged moiety.'" ¥ Sodium 3-acrviamido-3-meth-
vibutanoate (NaAMB) was polvmerized with 2-ac-
rylamido 2-methyvldimethvlammonium hydrochlo-
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ride (AMPDAC) and acrylamide (AM ) as a neutral
spacer. The superabsorbing terpolymers formed
highly swollen gels even with added electrolytes due
to strong intermolecular interactions. By contrast,
structurally homologous terpolymers synthesized
with the sulfonate monomer were soluble in deion-
1zed water and exhibited viscosity increases as elec-
trolytes were added.™ Boun intra- and intermol: _ular
associations were abserved in agreement with other
literature reports on similar structures.’® In this
study, we report electrolyte-soluble ampholytic ter-
polymers of acrylamide with the anionic monomer
NaAMB and the cationic monomer AMPTAC.

EXPERIMENTAL

Materials and Monomer Synthesis

Sodium 3-acrylamido-3-methylbutanoate (NaAMB)
monomer was synthesized via a Ritter reaction of
equimolar amounts of 3,3-dimethylacrylic acid with
acrylonitrile as reported by Hoke and Robins ' and
as modified by McCormick and Blackmon.!® Syn-
thesis of 2-acrylamido-2-methylpropanetrimethy-
lammonium chloride (AMPTAC) by a multistep
procedure has been previously reported.’>'? Briefly,
2-acrvlamido-2-methylpropanedimethylamine was
reacted with a 10-fold excess of methyl iodide in
refluxing diethyl ether, then ion-exchanged to yield
AMPTAC.

Synthesis of Terpolymers of NaAMB with
AMPTAC and AM

Terpolymers of AMPTAC with NaAMB and AM
(the ATABAM series) were synthesized by free-
radical polymerization in a 0.5 M NaCl aqueous so-

w

lution under nitrogen at 30°C using 0.1 mol S po-
tassium persulfate as the initiator. The feed ratio of
AM:NaAMB:AMPTAC was varied from 98.0: 0.5 :
0.5 to 70 : 15 : 15 mol % with the total monomer
concentration held constant at 0.45M . The synthe-
sis and purification procedures have been reported
previously.! ™™ Table 1 lists reaction parameters for
the terpelvmerization of AM with NaAMB and
AMPTAC. {R: Terpolymer: ATABAM 15-15,
N—H3401-3200cm '(s); C—H 2930 em ' (m);
C=01685-1653cm '(s}); N'— R, 966 cm . ""C-
NMR: ATABAM 5-5, AM C=:20, 180.%8 ppm;
NaAMBC=0,176.9 ppm; AMPTACC=:0.178.3
ppm; chain CH, 43.1 ppm; chain CH,, 36.1 ppm;
gem CH;, 27.9 ppm.

Terpolymer Characterization

Terpolymer compositions were determined from *C-
NMR by integration of the acrylamido carbonyl
peaks.” C-NMR spectra were obtained using 10
wt/wt % aqueous {D,0) polymer solutions with
DSS as the reference. FTIR spectra were acquired
using a Perkin-Elmer 1600 Series FTIR spectro-
photometer. Molecular weight studies were per-
formed on a Chromatix KMX-6 low-angle laser
light-scattering instrument. Refractive index incre-
ments were obtained using a Chromatix KMX-16
laser differential refractometer. A Langlev-Ford
Model LF1-64 channel digital correlator was used
in conjunction with the KMX-6 to obtain quasi-
elastic light-scattering data. All measurements were
conducted at 25°C in 1 M NaCl.

Viscosity Measurement

A 1 g/dL stock solution of each terpolymer was
made in deionized water. Aliquots were taken and

TableI Reaction Parameters for Terpolymerization of AM with NaAMR, and AMPTAC
Reaction Terpolvmer Compasition”
Feed Composition (mol %) Time Conversion {mol %)

Sample No. AM : NaAMB : AMPTAC (h} (%) AM : NaAMB : AMPTAC
ATABAM 0.5-0.5 99.0:0.0:0.5 2.5 20.8 g9": 0.5": 0.5"
ATABAM 2.5-2.5 95.0:25:2.5 4.0 41.0 B9.1:5.1:58.8
ATABAM 5.0-5.0 90.0:5.0:5.0 4.0 47.8 85.9:7.9.62
ATARAM 10-10 80.0:10.0: 10.0 6.0 22.3 80.6:9.7 9
ATABAM 15-15 T70.0:15.0:15.0 4.0 25.6 460110 1a 0
ATABAM 10-5 85.0:10.0: 5.0 3.0 20,2 THT13.6 16+ 7
ATABAM 5-10 85.0:5.0:10.0 3.0 11.5 85345100

* Determined by "C-NMR.
" Theoretical.




diluted with salt solutions to designated ionic
strength and a polymer concentration of approxi-
mately 0.3 g/dL. These were further diluted to give
polymer solutions with concentrations above and
below C* (0.025-0.3 g/dL). After aging for 2-3
weeks, the solutions were analyzed with a Contraves
LS-30 rheometer. Triplicate samples were prepared
of each conceniation to reducs expr-"mental error.
Intrinsic viscosities were evaluated using the Hug-
gins equation.?

Dynamic Mechanical Analysis

A Rheometrics RMS-800 dynamic mechanical
spectrometer was used to examine G’ {storage mod-
ulus) and G” (loss modulus) as a function of fre-
quency for 1 g/dL solutions of ATABAM 2.5-2.5in
various salt concentrations. Measurements were
obtained using a Couette test geometry with 50%
constant strain at 25°C.

RESULTS AND DISCUSSION

The previously studied ADABAM terpolymer series
that contained AM, NaAMB, and AMPDAC {Fig.
1) formed highly swollen gels in aqueous solutions
even in the presence of electrolytes. Strong hydrogen
bonding between the carboxylate and the tertiary
ammonium hydrochloride groups led to intermolec-
ular cross-links that persisted even in 1M NaClL
Substitution of the protonated tertiary amine
monomer AMPDAC by a guaternized monomer
AMPTAC allows formation of soluble ampholytic
terpolymers,

CH,=CH  CH,=CH CH,=CH CH,=CH
t=0 &= =0 {=o
tLH;, ILH h‘lH NH
CHr-é-—CHs CH,—-é—CH, CHJ—Cl—-CHS
e, e, -
(‘:0; CHy—~N'—CH, CH3~r«ll'—~CH,
Na’ . éHs cr *'4 cl
AM NaAMB AMPTAC AMPDAC
Figure 1 Structures for the monomers Acivlamide

(AM), Sodium 3-Acrylamido-3-methylbutanoate
(NaAMB), 2-Acrylamido-2-methylpropanetrimethy-
lammonium Chloride (AMPTAC), and 2-Acrviamido-
2-methylpropanedimethyvlammoniuin  Hydrochloride
{AMPDAC),
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Compositional Studies

Compositions for the ATABAM series of terpoly-
mers were determined by integration of "'C-NAK
acrylamido carbonyl peaks (Table I} Much Like the
previously studied ATASAM series,
the terpolymers in 0.5M NaCl led 1o random incor-
poration of the charged groups such that the re
sulting compooitions spprosioate ih fong
sitions. The presence of added electrolytes during
polymerization shields the charged groups from cach
other so that monomer pairing is not favored. Such
random distribution of ionic mers along the back-
hone would be predicted to result in significantly
different properties when compared to terpolvmers
with large numbers of neighboring group associa-
tions. The terpolymers ATABAM 10-5 and 5-14
were synthesized with charge imbalances in the feed.
resulting in polyelectrolyte solution behavior.

svnthesis of

O

Light-scattering Studies

Low-angle laser light scattering was emploved 1o
obtain the molecular weight and second virial coel-
ficient (A, data shown in Table 11. The molecular
weights range from 3.43 to 194 * 10" g/mol for
ATABAM 0.5-0.5 and ATABAM 10-5, respectivelv.
The terpolymers ATABAM 10-10, 15-15. and 5-10
have verv similar degrees of polymerization and
therefore can be used for comparative structure/
property assessments. Except for ATABAM (.5-0.5.
the A, values range from 1.63 to 2.06 » 10"’ mL
mol/g? for the charge-balanced systems. ATABAM
0.5-0.5 remains well solvated in 1M NaCl as ind:-
cated by the A, value of 3.63 mL mol/g".

Quasi-elastic light scattering was used to obtain
the diffusion coefficients (D,) and hvdrodynamic
volumes (d,,) shown in Table 1. ATABAM 10-1n
has the largest d, value of 2180 A, reflecting good
solvation and high molecular weight. ATABAM 7.
5 possesses a molecular weight and hvdrodynanmy
volume approximately equal to that of ATABAM
0.5-0.5, although its second virial coefficient is much
smaller. A similar effect is observed for ATABAM
10-5, which has 73% the molecular weight of ATA-
BAM 5-10, yet, due to the presence of three times
as much NaAMB, has approximately the same hyv-
drodynamic volume.

Viscometric Studies
Effects of Terpolymer Composition

The terpolvmers ATABAM 2.5-2.5,5-5. 10-10, and
1515 exhibit poivampholyvte behavior as expectesd
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Table II Classical and Quasi-elastic Light-Scattering Data for Terpolymers of AM

with NaAMB with AMPTAC

MW x 107¢ A, X 10 Dy X 10° ag
Sample No. dn/dc {g/mol) (m! mol/g*) {em®/g) ks FOT LR TV
ATABAM 0.5-0.5 0.1543 3.43 3.61 4.98 1024 5.82
ATABAM 2.5-25 0.1372 13.9 1.66 3.13 1873 15.0
ATABAM 5-5 0.1386 3.45 1.63 4.76 1003 4.02
ATABAM 10-10 0.1395 10.8 2.06 204 MR G
ATABAM 15-15 0.1308 12.2 1.75 3.13 1630 11.5
ATABAM 5-10 0.1460 11.2 1.84 3.61 1330 10.8
ATABAM 10-5 0.1399 194 1.85 3.89 1440 21.1

for equal (or near equal ) concentrations of NeAMB
and AMPTAC. ATABAM 0.5-0.5, 2.5-2.5, and 5-5
have charge densities low enough to allow solubili-
zation in the absence of added electrolytes. At
slightly higher charge densities, however, ATABAM
10-10 and 15-15 are insoluble in deionized water,
The net charge of ATABAM 5-10 and 10-5 poly-
electrolytes allow solubility in electrolyte-free water.

Charge density also controls the type of macro-
molecular associations present. ATABAM 2.5-2.5
displays very strong intermolecular associations that
“gel” semidilute polymer solutions at Jow jonic
strengths. The high charge density ampholyte ter-
nolymers possess both inter- and intramolecular as-
sociations under the same conditions.

24
4 00000 ATABAM 5-5
,a : oonona ATABAM 10-10
N 204 axear ATABAM 15-15
- 4
T
S
164
u/ﬂ__ﬁ,ﬂ__.—a@
> 9 # -1
~
7 J
8 12
LN
> g4
Q | o
= o S 0
£ &
s 4
< 10
0
T A O G S SHEE
0.0 Q.2 0.4 0.6 08 1 1.2
Salt Conc. (mol/L)
Figure 2 Intrinsic viscosities of ATABAM 5-5, 10-10,

and 15-15 plotted as function of NaCl concentration de-
termined at 25"C at a shear rate of 5,965 .

Effects of Added Electrolytes

Figure 2 displays the intrinsic viscosity of a number
of the terpolymers as a function of NaCl concentra-
tion obtained using the Huggins equation.? The data
are indicative of classic “antipolyelectroiyvte” be-
havior. Increases in solution ionic strength disrupt
intramolecular ionic associations, thus producing
increases in polvmer hydrodynamic volume. ATA-
BAM 10-10 undergoes a 700% increase in intrinsic
viscosity going from 0.05 to 1M NaCl. ATABAM
10-10 and 15-15, which have similar molecular
weight, attain the same intrinsic viscosity in 1M
NaCl.

The data parallel the behavior observed for the
previously examined ADASAM low charge density
terpolymers.!'® For example, ADASAM 10-10 (76.7
mol % AM, 12.6 mol % NaAMPS, and 10.7 mol %
AMPDAC) displayed a 330% increase in intrinsic
viscosity from deionized water to 1M NaCl. The
complex solution behavior of the ATASAM ter-
polymers was not observed.”

Effects of pH

The reduced viscosities for ATABAM 10-10 ob-
tained in neutral and acidic pH values are shown in
Figure 3. Above pH 7.5, the polymers behave as
polyampholytes since all NaAMB units possess a
negative charge. Intramolecular charge-charge in-
teractions initially constrict the coils but disappear
as solvent ionic strength is increased. At pH 3. the
polymers behave as polvelectrolytes. The NaAMB
units are protonated so that only the cationic charge
of AMPTAC remains. Like typicai polvelectrolvtes,
the coiis expand in the absence of added electralvtes
but collapse in their presence.

It is interesting that the polyelectrolyte form of
ATABAM 10-10 has smaller dimensions in 1M
NaCl than does the polvampholyvte form. This may




be due to the relative hydrophobicity of the acid
form of NaAMB. For example, copolymers of
NaAMB with AM precipitate from aqueous solution
below pH 5. The presence of this relatively hydro-
phobic monomer may constrict the polymer to di-
mensions smaller than those of a random coil, thus
producing the effect observed in Figure 3. Also, the
extent of counterion condensation may differ for the
two forms at high NaCl concentcrations.

Dynamic Mechanical Analysis

The intermolecular associations of ATABAM 2.5-
2.5 are strong enough to produce gels with elastic
properties in solvents of low ionic strengths. The
storage modulus G’ and the loss modulus G" were
examined on a Rheometrics RMS-800 spectrometer
using a couette test configuration. Solutions of
varying ionic strengths at constant polymer con-
centrations {1 g/dL) were analyzed at 50% strain
in the frequency range of 0.1-100 rad/s. The fre-
quencies zt which G’ and G” intersect, Le., tan &
=G"/G = 1, are plotted as a function of ionic
strength in Figure 4. At NaCl concentrations above
0.05M, the frequency at which tan 4 is unity becomnes
independent of ionic strength. This implies the
complete disappearance of intermolecular associa-
tions.

00000 pH 7.5
354 = REGE SH 3.0

(dL/g)

Reduced Viscosity
o

O‘L“‘—' 1 T T T T
[SR¢] 0.2 0.4 0.6
NaC! Conc.

" o8 10

(mol/L)
Figure3 Reduced viscosity for ATABAM 10-10in the
polvampholyte form (pH 7.5) and in the polyelectrolyte

form (pH 3.0). Determined with a polymer concentration
of 0.10 g/dl at 25°C at a shear rate of 5,96 5"
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2.5

0.5+

Log Frequency
Te—

“1.0 4= m—— v

T

04 0.6
(mole /L)

0.2 feR:]
NaCl Ccne.
Figure 4 Log frequency at which tan 6 is unity as a
function of NaCl concentration for 1 g/dL solutions uf
ATABAM 2.5-2.5.

CONCLUSIONS

The ATABAM series of low charge density polyam-
pholytes has been synthesized by f{ree-radical ter-
polymerization of AM with NaAMB and AMPTAC.
Unlike the analogous terpolymers containing the
tertiary amine hydrochloride monomer AMPDAC,
this series dissolves in aqueous solutions provided
enough salt is present to disrupt ionic associations.
The terpolymers have been characterized by *C-
NMR, FTIR, and classical and quasi-elastic low-
angle laser light-scattering techniques. The terpoly-
mer compositions reflect the monomer feed concen-
trations. Molecular weights range from 3.43 to 19.4
X 10% g/mol for the series.

Increases in solution ionic strength disrupt in-
tramalecular lonic associations, thus producing in-
creases in polymer hydrodynamic volume. ATA-
BAM 10-10 undergoes a 700% increase in intrinsic
viscosity, going from 0.05 to 1 M NaCl. Intermolec-
ular ionic associations, studied utilizing dynamic
mechanical analysis, were observed to be very sen-
sitive to the presence of added electrolytes.

Gratitude is expressed ta Kent Newman for the “C-NMR
work, Paul Welch for helping with the viscometric studies,
and Srikanth Nanguneri for the DMA analysis. Financial
support from the Department of Energy. the Office of Na-
val Research, and the Defense Advanced Research Projects
Agency is gratefully acknowledged.
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